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majority  of  the  contract  effort  was  focused  in  this  period  on  systematic  investigations  of  the  basic  physics  of 
defects  in  HgCdTe. 

Detailed  electrical  characterization  of  LPE  HgCdTe  has  been  carried  out  The  normal  range  of  values  in 
carrier  concentrations,  mobilities  and  minority  carrier  lifetimes  was  established  by  Hall  effect  and  photo- 
conductive  decay  lifetime  measurements.  The  total  equilibrium  concentration  of  cation  vacancies  was  studied 
qualitatively  and  compared  with  model  calculations.  The  results  show  that  thejfoubly  ionized  vacancy  state 
is  dominant  and  the  cation  vacancy  formation  energy  (Ep  is  found  to  be  0.9  £  0.1  eV  for  Hg^  ^Cd^Te  and 
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scopy.  The  x-ray  results  show  that  the  precipitated  Te  in  Bridgman-grown  CdTe  crystals  has  the  same  struc¬ 
tural  phase  as  observed  in  elemental  Te  under  high  pressure.  Auger  and  Raman  microprobe  spectroscopy- — 
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were  cerried  out  to  confirm  Te  precipitates  in  CdTe  and  identify  the  symmetry  of  the  Te  precipitates. 
Acceptor  ionization  energies  (E^)  in  Hg^Cd*!*  material  were  also  investigated  as  a  function  of  annealing 


temperature.  These  E  Rvalues,  as  o! 
temperature  decreases  from  488  to 


observed 
:o  347ffc. 


from  Hall  measurements,  decrease  from  20  to  10  meV  as  anneal 


The  interaction  of  rare  gas  Xe  and  He  atoms  in  HgCdT a  has  been  investigated  using  Xe  or  He/Hg  mixtures  for 
ambient  during  the  anneal.  This  study  results  in  consistently  lower  carrier  concentrations  and  higher  mobi¬ 
lities  for  p-type  LWIR  HgCdTe.  Rare  gas  interaction  with  Hg  vacancies  is  believed  to  be  responsible  for  the 
observed  improvements. 

Photoluminescence  (PL)  measurements  carried  out  on  SWIR  large  gap  LPE  Hg^.xCdxTe  and  its  CdTe  sub¬ 
strate  indicate  that  the  same  neutral  donor  may  be  present  in  both  materials,  whereas  the  impurity  or  defect 
responsible  for  one  PL  line  in  CdTe  is  undetectable  in  LPE  Hg^_xCdxTe  epitaxial  layers. 

Far  infrared  absorption  spectra  of  Cu  in  CdTe  are  found  to  exhibit  a  characteristic  broad  feature  with  a  pro¬ 
nounced  fine  structure.  Several  sets  of  sharp  transitions  are  separated  by  21.2  meV  which  corresponds  to 
the  LO  phonon,  and  each  set  has  vibrational  side  bands  with  spacing  equal  to  the  TA  phonon  (3.6  meV). 

Admittance  spectroscopy  studies  on  MWIR  p-HgCdTe  (x  =*  0.31)  samples  show  two  majority  carrier  traps  at 
13  and  40  meV  in  sample  3-524  and  two  traps  at  23  and  70  meV  in  sample  4-31.  The  level  at  13  meV  has 
been  previously  observed  in  both  bulk  and  LPE  HgCdTe.  The  other  three  levels  have  not  been  reported.  Possi¬ 
ble  candidates  for  such  defects  are  substitutional  Cje  and  Sije  both  of  which  are  expected  to  be  double 
acceptors  and  which  often  occur  as  impurities. 

In  summary  we  have  carried  out  experimental  studies  on  the  vacancies  and  defects  in  the  LPE  Hg^  _xCdxTe 
alloy  system.  These  results  provide  better  understanding  of  the  problems  associated  with  CdTe  substrates 
end  LPE  Hg-|.xCdxTe  epilayers. 
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FOREWORD 

This  final  report  covers  results  carried  out  under  the  "Properties  of 
Defects  in  Hgj.xCdxTe"  program  for  the  period  from  July  1,  1981  to  September 
30,  1984.  This  report  was  prepared  by  the  Rockwell  International  Science 
Center,  Thousand  Oaks,  California  under  Contract  No.  DAAG29-81-C-0012.  The 
Contract  Monitor  was  Dr.  H.R.  Wlttmann  of  U.S.  Army  Research  Office  at 
Research  Triangle  Park. 

The  principal  investigator  for  this  program  was  Dr.  S.H.  Shin.  The 
principal  technical  support  for  this  work  at  the  Science  Center  was  provided 
by  Dr.  J.  Bajaj.  The  program  manager  was  Dr.  D.T.  Cheung. 

The  authors  would  like  to  express  their  appreciation  to  Drs.  M. 
Khoshnevlsan  and  W.E.  Tennant  for  their  encouragement  and  very  helpful  discus¬ 
sions,  and  to  Dr.  K.  Elliot  (MROC)  for  admittance  study  and  Prof.  B.J.  Feldman 
of  University  of  Missouri  for  photoluminescence  measurements  on  HgCdTe,  and 
Drs.  C.  Morgan-Pond  and  R.  Raghavan  for  theoretical  calculations  of  the  p-type 
carrier  concentrations  in  HgCdTe. 
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help  in  far  infrared  measurements,  and  Mr.  G.L.  Bostrup  and  D.D.  Edwall  for 
providing  some  of  the  samples,  and  Mr.  J.G.  Pasko  for  photoconductor  fabrica¬ 
tion,  Ms.  L.  Bubulac  for  SIMS  analysis,  and  Mr.  R.V.  Gil  for  CdTe  sample 
preparation. 
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1.0  INTRODUCTION  AND  SUMMARY 


1.1  Introduction 

Mercury  Cadmium  Tellurlde  (Hgj_xCdxTe)  photodetectors  are  currently 
the  Army's  choice  for  infrared  systems  in  both  the  3-5  un  and  8-12  spectral 
windows.  During  recent  years,  technical  progress  in  HgCdTe,  particularly  in 
photovoltaic  devices,  has  been  very  rapid  and  Impressive;  however,  most  of  the 
research  and  development  efforts  have  been  focused  on  devices  designed  for 
specific  system  applications.  There  has  been  a  general  lack  of  fundamental 
research  on  the  basic  properties  of  HgCdTe  itself.  A  thorough  understanding 
of  the  fundamental  properties  is  critical  not  only  to  improved  device  perform¬ 
ance  and  reliability  but  may  also  lead  to  new  applications  of  this  important 
alloy  semiconductor  system. 

One  of  the  most  important  needs  in  the  fundamental  study  of  HgCdTe  is 
the  understanding  of  the  equilibrium  concentrations  of  native  defects  in 
HgCdTe.  Unlike  group  IV  or  III-V  compounds,  the  electrical  properties  of 
p-type  HgCdTe  are  believed  to  be  dominated  by  cation  vacancies.  The  physics 
of  defect  formation  and  the  electrical  properties  and  stabilities  of  such 
defects  are  currently  poorly  understood,  yet  this  information  is  of  utmost 
importance  In  the  practical  applications  of  HgCdTe  detectors.  Therefore,  this 
research  effort  was  undertaken  on  HgCdTe  epitaxial  layers  under  support  from 
Army  Research  Office  In  which  experimental  measurements  of  the  cation  vacancy 
formation  energies  of  HgCdTe  were  performed.  Comparisons  were  made  with  the 
theoretical  calculations  of  the  p-type  carrier  concentrations  in  HgQgCdg^Te 
by  Morgan-Pond  and  R.  Raghavan  which  are  in  good  agreement  with  the  experi¬ 
mental  data.  This  final  report  details  the  results  of  experimental  efforts  to 
study  the  defect-related  physical  properties  of  the  LPE  HgCdTe  alloy  system. 

1.2  Summary 

This  report  consists  of  ten  sections.  In  Section  2.0  we  present 
the  transport  properties  of  LPE  HgCdTe  material.  These  Include  electron 
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mobility  and  minority  carrier  lifetime  in  n-type  Hgj.xCdxTe.  In  Section  3.0 
equilibrium  cation  vacancy  concentrations  related  to  p-type  conduction  in  LPE 
Hg^Cd.Te  are  described.  The  discussions  represent  fundamental  considera¬ 
tions  that  needed  to  be  addressed  in  the  course  of  the  program.  Section  4.0 
describes  the  nature  of  Te  precipitates  in  CdTe  and  impurity  gettering  at  the 
LPE  HgCdTe/  CdTe  interface.  The  substitution  of  the  rare  gases  Xe  and  He  in 
Hg  vacancies  has  been  studied  in  Hg1_xCdxTe,  and  a  tentative  interpretation  of 
anomalous  electrical  properties  are  described  in  Section  5.0.  Photolumines¬ 
cence  studies  of  LPE  HgCdTe  and  its  CdTe  substrate  and  far  infrared  absorption 
spectroscopy  of  CdTe  are  described  in  Sections  6.0  and  7.0,  and  admittance 
studies  of  HgQ.7Cdg.3Te  are  discussed  in  Section  8.0.  Sections  9.0  and  10.0 
include  the  summary  and  references,  respectively.  Appendix  I  contains  elec¬ 
trical  properties  of  as-grown  LPE  HgCdTe. 

1.3  Publications 

The  following  presentations  and  publications  have  resulted  from  the 
work  performed  throughout  the  period  of  this  program. 

1.  J.  Bajaj,  S.H.  Shin,  G.  Bostrup  and  D.T.  Cheung,  "Electron  Mobility  in  LPE 
Hqi_„Cd„Te/CdTe  Layers  Near  Zero  Bandqap  Crossinq,"  J.  Vac.  Sci.  Technol. 
21(1),  244  (1982). 

2.  S.H.  Shin,  J.  Bajaj  and  D.T.  Cheung,  "Characterization  of  LPE  Hgj_xCdxTe," 
Proc.  The  IRIS  Detector  Specialty  Group  Meeting,  San  Diego,  1982.’ 

3.  S.H.  Shin,  J.  Bajaj,  L.A.  Moudy  and  D.T.  Cheung,  "Characterization  of  Te 
Precipitates  in  CdTe  Crystals,"  Appl.  Phys.  Lett.  43(1),  68  (1983). 

4.  J.  Bajaj,  S.H.  Shin,  J.G.  Pasko  and  M.  Khoshnevisan,  "Minority  Carrier 
Lifetime  in  LPE  Hg^CdJe,"  J,  Vac.  Sci.  Technol.  A  1(3).  1749  (1983). 

5.  B.J.  Feldman,  J.  Bajaj  and  S.H.  Shin,  "Photoluminescence  in  Liquid  Phase 
Epitaxially  Grown  Hgn  -*Cdn  7Te,"  J.  Appl.  Phys.  55(10),  3873  (1984). 
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6.  B.J.  Feldman,  J.  Bajaj  and  S.H.  Shin,  "Photoluminescence  in  Liquid  Phase 
Epitaxially  Grown  H9o.3CdQ.7^e  an<*  i*s  CdTe  Substrate  at  4.2K  and  77K," 
International  Conference  on  Luminescence,  Madison,  Wisconsin  (1984)  to  be 
published  in  J.  Lum.  (1985). 

7.  S.H.  Shin,  M.  Khoshnevisan,  C.  Morgan-Pond  and  R.  Raghavan,  "Cation 
Vacancy  Formation  Energies  in  LPE  Hgj_xCdxTe,"  submitted  to  Appl.  Phys. 
Lett . 

8.  S.H.  Shin,  G.L.  Bostrup  and  M.  Khoshnevisan,  "Equilibrium  of  Noble  Gases 
Xe  and  He  with  Hgg^gCdQ^iTe,"  in  preparation. 
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2.0  TRANSPORT  PROPERTIES  OF  LPE  Hg^OdJe/CdTe 

In  recent  years,  considerable  attention  has  been  focused  on  the  fun¬ 
damental  physics  and  chemistry  of  HgCdTe,  particularly  liquid  phase  epitaxial 
(LPE)-grown  HgCdTe.  Although  advanced  devices  such  as  the  hybrid  focal  plane 
arrays  and  MIS  charge  coupled  devices  have  been  successfully  demonstrated  in 
LPE-grown  HgCdTe  material,  the  current  HgCdTe  technology  is  still  not  opti¬ 
mized.  It  is  apparent  that  some  key  material  parameters  that  affect  the  ulti¬ 
mate  device  performance  are  not  yet  fully  identified  and  controlled.  In  par¬ 
ticular  the  physics  of  defect  formation  and  the  electrical  properties  are 
poorly  understood,  yet  this  information  is  of  utmost  importance  in  developing 
HgCdTe  detector  technology.  Therefore,  extensive  research  on  the  HgCdTe  sys¬ 
tem  is  being  conducted  at  many  technology  centers  Including  a  few  university 
laboratories. 

Liquid  phase  epitaxy  layers  of  Hg1-xCdxTe  (0.16  <  x  <  o.75)  grown  on 
CdTe  (111)  substrates  have  been  characterized.  Before  conducting  measurements 
to  study  the  properties  of  defects  in  LPE  HgCdTe,  the  normal  range  of  values 
for  carrier  density,  mobility  and  lifetimes  in  both  p-  and  n-type  HgCdTe  epi- 
layers  was  established  by  Hall  effect  and  excess  carrier  lifetime  measure¬ 
ments.  The  results  are  comparable  to  those  reported  for  bulk  n-  and  p-type 
material.  This  work  results  of  Hall  effect  and  minority  carrier  lifetime 
measurements  on  HgCdTe  epitaxial  layers  are  presented. 

Hg]_xCdxTe  layers  were  grown  by  a  liquid  phase  epitaxial  technique 
(LPE)  on  undoped  CdTe  substrates.*  The  thickness  of  the  LPE  layer  was  typi¬ 
cally  15-30  pm.  The  samples  were  converted  to  n-type  by  annealing  in  a  Hg 
atmosphere  at  210°C  for  about  5  h.  For  Hall  measurements,  samples  were  cut  in 
rectangular  shapes,  with  typical  dimensions  8x4  mm^  and  then  etched  in  1% 
Br-methanol  for  10  s.  Indium  and  gold  metal  contacts  were  made  for  ohmic  con¬ 
tacts  to  n-type  and  p-type  Hg^_xCdxTe,  respectively.  Samples  were  mounted  in 
a  variable  temperature  dewar  using  GE  varnish  and  the  Hall  measurements  were 
carried  out  by  the  standard  Van  der  Pauw  method. 
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The  composition  x  for  each  sample  was  determined  by  electron  micro¬ 
probe  analysis.  Depth  profile  of  x  shows  that  the  composition  is  uniform 
except  within  1-2  near  the  Hg^CdJe/CdTe  interface,  as  shown  in  Fig.  1. 
These  concentration  gradients  near  the  interface  do  not  affect  our  measure¬ 
ments.  In  the  Van  der  Pauw  technique  contacts  are  made  on  the  surface  so  the 
layer  appears  as  a  graded  resistance.  Since  the  resistance  of  large  x  mater¬ 
ial  is  much  larger  than  the  resistance  of  small  x  material,  only  the  constant 
x  region  is  probed. 

SC81-13706 


0  2  4  6  8  10  12  14 

DISTANCE  FROM  THE  INTERFACE  (MICRONS) 


Fig.  1  Compositional  depth  profile  of  LPE  HgCdTe. 
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2.1  As-grown  Hgi_yCdvTe 

Table  1  lists  the  carrier  concentrations  of  as-grown  epilayers  with 
different  Cd  composition  x.  At  77K,  the  as-grown  epilayers  are  always  p-type 
with  a  hole  concentration  of  the  order  of  ~  10*7  and  ~  10*6  cm"3  for  x  »  0.2 
and  x  =  0.3  Hgi_xCdxTe  material,  respectively.  The  epilayers  grown  from 
Te-rich  solution,  at  ~  500°C  would  be  expected  to  have  carrier  concentrations 
of  ~  1017  cm"3  for  any  Cd  composition.  Contrary  to  expectation,  however,  the 
carrier  concentration  depends  on  the  Cd  composition  and  varies  up  to  two 
orders  of  magnitude  in  the  0.2  <  *  <  0.7  range.  Similarly,  the  measured  mo¬ 
bilities  of  different  composition  p-type  HgCdTe  layers  decrease  as  x  in¬ 
creases.  It  is  conceivable  that  since  it  takes  about  four  hours  for  the  epi- 
layer  to  cool  down  to  room  temperature  after  the  growth,  the  epilayers  get 
annealed  under  excess  Hg  vapor  pressure  in  the  furnace  resulting  in  different 
carrier  concentrations  for  different  Cd  composition.  Weakness  of  Hg-Te  bond 
as  compared  to  Cd-Te  bond  may  also  explain  this  variation  of  acceptor  concen¬ 
tration  with  x.  The  Hg-Te  bond  becomes  weaker  as  Hg  concentration  increases. 
As  a  consequence,  Hg  vacancy  concentration,  acting  as  acceptors,  increases  as 
Cd  composition  decreases. 
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Table  1 

Carrier  Concentration  and  Mobility  of  As-grown  p-Type 
Hgj.xCdxTe  Layers,  T  *  77K 


x  Value 

(xco) 

Carrier  Cone. 
(cm-3) 

Hole  Mobility 
(cm2/V-s) 

x  -  0.21  (10.5  pm) 

1.5  *  1017 

300 

x  *  0.30  (5.0  tm) 

1.4  x  io16 

250 

x  =  0.42  (2.7  M"i) 

7.0  x  io15 

180 

x  =  0.68  (1.4  vm) 

10  x  in15 

110 

Figure  2  shows  the  variation  of  Hall  coefficient,  hole  mobility  and 
resistivity  with  temperature  for  Hg1-xCdxTe  with  x  ■  0.42.  It  Is  noted  that 
the  Hall  coefficient  sign  does  not  change  at  room  temperature  but  remains  p-type 
for  x  =  0.42  (\CQ  •  2.7  pm)  Hg1_xCdxTe  sample.  Further  electrical  properties  of 
as-grown  Hgj-xCdxTe  epllayers  with  0.195  <  *  <  0.351  were  published2  (Appendix). 


2.2  Electron  Mobility  In  LPE  Hg^_vCdvTe/CdTe  Layers 

The  electron  mobility  in  n-type  Hgj.xCdxTe  has  been  studied  as  a  func 
tlon  of  temperature  In  the  vicinity  of  zero  bandgap  crossing.  The  temperature 
range  covered  In  these  experiments  was  5-300K,  and  the  samples  studied  were 
liquid  phase  epitaxial  Hgj_xCdxTe/CdTe  layers.  A  distinct  narrow  peak  In  the 
mobility  ^  observed  for  x  »  0.16  at  40K,  which  we  Interpret  as  an  effect 
related  to  zero  bandgap  crossing.  The  value  of  at  the  peak  Is  1.3  *  10® 
cm2  V-l  s'1. 

We  have  studied  In  detail  the  electron  Hall  mobility,  carrier  concen¬ 
tration  and  resistivity  In  n-type  LPE  Hgj_xCdxTe/CdTe  layers  as  a  function  of 
temperature.  The  temperature  range  Investigated  Is  5-300K.  We  report  here 
the  Hall  effect  measurements  on  samples  with  Cd  composition  x  in  the  range 
0.12  to  0.23. 
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Figure  3  shows  the  variation  of  electron  mobility,  carrier  concentra¬ 
tion  and  resistivity  with  temperature  for  Hgj_xCdxTe  with  x  *  0.16.  The  car¬ 
rier  concentration  remains  Intrinsic  down  to  about  30K.  The  Intrinsic  concen¬ 
tration  vs  T  in  the  range  100-300K  Is  in  excellent  agreement  with  Schmit's3 
calculations.  The  extrinsic  carrier  concentration  Is  4.5  *  10**  cm"3.  A  dis¬ 
tinct  prominent  peak  In  the  mobility  curve  Is  observed  at  40K;  our  suggestion 
is  that  It  Is  related  to  zero  bandgap  crossing.  In  support  of  this  assertion, 
we  note  that  near  x  *  0.16  the  variation  of  bandgap  Eg  with  x  Is  dEg/dx  *  18.3 
meV/%  of  Cd4  and  the  variation  of  Eg  with  temperature  Is  &Eg/bT  *  0.4  meV/K.5 
Assuming  that  the  bandgap  equals  zero  at  0  K  for  x  *  0.165,  then  the  bandgap 
for  x  *  0.16  should  become  zero  at  a  temperature  Tq^  “  l®*3  x  0.5/0. 4  *  23K. 
This  value  is  not  very  far  from  the  experimentally  determined  value  of  40K  for 
Tq.i6»  as  shown  in  our  data. 


1 

I 


Fig.  3  Electron  Hall  mobility,  carrier  concentration,  and  resistivity 
as  a  function  of  temperature. 
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We  also  note  that  a  peak  In  temperature  dependence  of  mobility  can 
arise  due  to  competition  between  different  scattering  mechanisms  for  elec¬ 
trons.  Since  Ionized  Impurity  scattering  gives  a  mobility  temperature  de¬ 
pendence  with  a  positive  power  law  and  the  lattice  vibration  scattering  gives 
a  mobility  temperaure  dependence  with  a  negative  power  law,  the  joint  effect 
of  these  contributions  at  low  temperatures  will  produce  a  peak  In  mobility. 
However,  the  peak  observed  for  x  ■  0.16  Hgj.xCdxTe  Is  narrower  and  more 
distinct  than  that  for  samples  with  different  composition  x,  therefore,  we 
believe  It  Is  related  to  zero  bandgap  crossing. 

To  our  knowledge  there  Is  no  self-consistent,  quantitative  model  for 
the  band  structure  and  the  transport  calculations  In  the  vicinity  of  zero 
bandgap  crossing.  However,  qualitatively  a  peak  In  the  temperature  dependent 
mobility  can  be  expected  due  to  an  Important  band  crossing  effect  Involving 
the  change  in  the  sign  of  the  temperature  coefficient  of  the  energy  gap  on 
either  side  of  the  zero  gap  crossing.5  This  band  structure  variation  effect 
would  be  reflected  in  the  mobility  via  the  scattering  transitions  over  the 
carrier  states. 


For  elastic  scattering,  expected  to  be  the  dominant  scattering  at  low 
temperatures 

—  a  p(E),  the  density  of  states 

i 


(1) 


(2) 


Therefore 


^“mWT  *  (3) 

The  effective  mass  ffl*  and  the  density  of  states  p  for  small  gaps  are  functions 
of  Eg  due  to  admixing  of  valence  and  conduction  band  states  and  tend  to  a 
minimum  at  zero  gap.  This  In  turn  can  produce  a  peak  In  the  mobility. 
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To  check  the  reproducibility  of  this  peak,  two  other  samples  from 
different  layers  with  the  same  composition  were  studied;  both  of  these  samples 
showed  a  similar  peak  around  40K.  The  results  for  all  three  samples  are  shown 
in  Fig.  4.  At  higher  temperatures,  the  mobility  for  each  sample  shows  the 
same  behavior,  declining  with  a  power  law  of  T"^*®.  The  dominant  scattering 
mechanisms  limiting  the  mobility  in  this  temperature  range  is  the  scattering 
by  optical  phonons.  Each  sample  gives  a  peak  In  mobility  at  nearly  the  same 
temperature  and  the  magnitude  of  the  mobility  at  the  peak  Is  identical.  There 
is,  however,  a  marked  difference  In  the  mobility  at  lower  temperatures.  As 
seen  In  Fig.  4,  there  seem  to  be  a  definite  correlation  between  the  extrinsic 
carrier  concentration  and  the  fall  In  mobility  at  low  temperatures;  the  larger 
the  extrinsic  carrier  concentration,  the  lower  is  the  mobility.  In  all  these 
measurements  a  magnetic  field  of  6  kG  was  used.  However,  the  peak  is  observed 
even  at  lower  magnetic  field  with  the  values  of  increasing  with  decreasing 


field. 


Fig.  4  Electron  Hall  mobility  and  carrier  concentration  as  a  function  of 
temperature  for  three  different  Hgg^Cdg^gTe  samples. 
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TEMPERATURE  (°K) 


Fig.  6  Carrier  concentration  as  a  function  of  temperature  for 
LPE  HgCdTe/CdTe  samples. 
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In  conclusion,  we  have  examined  the  electrical  transport  properties  L, 

of  LPE  Hg1-xCdxTe  layers  near  zero  bandgap  crossing.  Our  measurements  show 
that  the  transport  properties  of  LPE  Hgj_xCdxTe  are  comparable  to  the  best 
bulk  Hg1-xCdxTe.  A  distinct  narrow  peak  In  electron  mobility  In  n-type 
^90.84^0.16^®  *0*  appears  to  be  related  to  zero  bandgap  crossing.  A 

detailed  theoretical  calculation  of  transport  properties  near  zero  bandgap 
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crossing  Is  now  In  progress  by  D.S.  Pan.  Once  these  results  are  available,  a 
more  definite  conclusion  regarding  the  nature  of  the  peak  can  be  reached. 

2.3  Minority  Carrier  Lifetime  in  LPE  Hg^Cd^Te 

We  report  measurements  on  the  minority  carrier  lifetime  in  n-type  and 
p-type  LPE  Hgi_xCdxTe/CdTe  with  x  ~  0.2.  For  n-HgCdTe,  we  have  measured  life¬ 
times  of  4-7  ps  at  77K  for  passivated  samples.  These  values  are  comparable  to 
the  results  reported  for  bulk  material.  For  p-HgCdTe  epilayers  with  thickness 
<  20  pm,  the  measured  lifetime  is  15-20  ns  at  77K  and  is  suspected  to  be  limited 
by  surface  recombination.  With  excitation  through  the  CdTe  substrate,  we  have 
attempted  to  measure  the  bulk  lifetime.  Preliminary  results  are  reported. 

2.3.1  Introduction 

A  systematic  study  of  the  minority  carrier  lifetime  in  n-  and  p-type 
liquid  phase  epitaxially  (LPE)  grown  Hgj_xCdxTe  (x  ~  0.2)  has  been  carried  out 
as  a  function  of  temperature.  LPE  HgCdTe  is  intrinsically  different  from  bulk 
HgCdTe  as  it  is  grown  from  a  Te-rich  solution.  There  are  also  composition 
gradients  near  the  interface  with  the  substrate,  and  the  layer  thickness  is 
comparable  to  the  minority  carrier  diffusion  length.  These  differences  affect 
the  minority  carrier  lifetime  in  LPE  material.  Except  for  a  recent  study  on 
n-HgCdTe  layers,^  little  work  has  been  reported  in  the  literature.  A  detailed 
analysis  of  lifetime  in  LPE  HgCdTe  was  therefore  undertaken. 

We  have  also  carried  out  a  parallel  theoretical  analysis  of  lifetime 
limited  by  the  three  dominant  recombination  mechanisms:  radiative.  Auger,  and 
Shockley-Read.  Since  parameters  like  the  energy  bandgap  Eg(T,x)  and  intrinsic 
carrier  concentration  n^(x,T)  are  explicitly  involved  in  these  derivations,  we 
have  examined  different  expressions  for  Eg(x,T)  and  n^(x,T)  reported  in  the 
literature  and  compared  them  with  experimental  data  on  LPE  HglmXCdxTe  layers. 
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2.3.2  Experimental 

All  samples  studied  were  LPE  Hgj_xCdxTe  grown  on  CdTe  substrates. 
As-grown  samples  are  p-type.  The  samples  were  converted  to  n-type  by  anneal¬ 
ing  in  a  Hg  atmosphere  at  210°C  for  about  10  hours.  Samples  of  typical  dimen¬ 
sions  5x4  mm^  were  etched  in  Br-methanol  prior  to  measurements.  Indium  and 
gold  were  used  for  ohmic  contacts  to  n-type  and  p-type  samples,  respectively. 
After  mounting  in  a  variable  temperature  dewar,  the  samples  were  masked  such 
that  only  the  central  1  *  1  mm^  areas  of  the  samples  were  exposed. 

The  minority  carrier  lifetime  was  measured  by  a  photoconduct ive  decay 
technique  using  short  (~  20  ns)  pulses  from  a  GaAs  laser.  The  photoconductive 
response  was  recorded  on  a  7854-Tektronix  waveform  processing  oscillopscope. 
The  stored  decay  trace  was  plotted  on  a  semi log  scale  to  check  if  the  decay 
was  exponential. 

It  was  experimentally  observed  that  for  light  intensities  above  cer¬ 
tain  levels,  (~  104  watts/cm^),  there  was  a  non-exponential  start  to  the  decay 
curve.  This  was  avoided  by  keeping  the  light  intensity  low.  The  non¬ 
exponential  behavior  at  high  intensities  appears  consistent  with  the  shorten¬ 
ing  of  surface  lifetimes  due  to  high  carrier  concentration,  and  is  relatively 
independent  of  surface  passivation. 

As  expected,  the  measured  lifetimes  were  observed  to  increase  with 
decreasing  background  radiation.  The  lifetimes  reported  here  were  measured 
under  low  background  conditions  achieved  by  placing  a  thin  plate  of  A1203  in 
front  of  the  samples.  The  A1 2°3  plate  and  the  sample  were  maintained  at 
nearly  the  same  temperature. 

2. 3. 2.1  n-Type  LPE  Hg^_vCdyTe 

We  have  observed  lifetimes  of  the  order  of  1  ps  at  77K  In  unpassi¬ 
vated  n-Hgj.xCdxTe  (with  x  *  0.21).  The  carrier  concentration  (ne)  and 
mobility  (ue)  at  77K  In  these  samples  were  typically  1.4  x  10*4  cm"3  and 
1.3  x  io^  cm^/V-s,  respectively.  The  measured  lifetime  as  a  function  of 
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temperature  on  sample  N4-249  is  shown  in  Fig.  7.  The  results  are  quite  typi¬ 
cal  of  the  samples  that  were  examined.  To  determine  the  value  of  Cd  composi¬ 
tion  x,  the  electron  concentration  ne(T)  was  first  obtained  from  Hall  effect 
measurements  as  a  function  of  temperature.  The  values  of  ne(T)  were  then 
compared  with  theoretical  values  calculated  using  the  expression  for  Eg(x,T) 
and  n.j(xtT)  reported  by  Nemirovsky  et  al10  and  Hansen  et  al.11  As  shown  in 
Fig.  8,  our  data  fit  very  well  to  the  theoretical  values  calculated  by  using 
expressions  from  both  groups  with  x  =  0.212.  This  value  of  x  was,  therefore, 
used  to  calculate  the  intrinsic  radiative  (x0  )  and  Auger  (x*  )  lifetimes 

fi  1  1 

using  the  expressions:0 

\  =  m:  (4) 


7.6  x  10_1®e2(l  +  m  /m.  )1|/2(1  +  2  m  /m,  )  exp 
°°  e  h  eh 


(1  ♦  2  me/mh)  Eg 


i  |F  c  |2/kT.3/2 

nT  I F1 F2 1 
0  g 


mQ  =  rest  mass  of  the  electron 
me  =  effective  mass  of  electrons 
mh  =  effective  mass  of  of  holes  *  0.55  m0 
tm  =  high  frequency  dielectric  constant 
F2  =  overlap  Integral12  =  0.3 

B  =  capture  probability,  as  given  by  the  following  equation 


=  5.8  x  10-13  ey2  (x^r)372  (1  +  B2-  +  ^)(^)3/2  E2 
-  vme  +  ^  me  mh  T  9 
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For  x  =  0.212  the  theoretical  xA.  and  x,^.  were  calculated  and  are  shown  in 
Fig.  7.  The  solid  and  dashed  lines  are  obtained  by  using  the  expressions  for 
Eg(x,T)  and  n^(x,T)  from  Nemirovsky  et  al  and  Hansen  et  al,  respectively. 


Fig.  7  Temperature  dependence  of  minority  carrier  lifetime  in  unpassivated 
n-type  Hgo.79CdQ.21Te.  The  solid  and  dashed  lines  are  theoretical 
lifetimes  calculated  using  the  expression  for  n^x.T)  from  Ref.  10 
and  Ref.  11,  respectively. 
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For  x  *  0.21  samples  passivated  with  an  anodic  oxide,  we  have  ob¬ 
served  lifetimes  In  the  4-7  ps  range.  The  measured  lifetime  as  a  function  of 
temperature  on  one  of  the  passivated  samples  is  shown  in  Fig.  9.  The  solid 
lines  are  theoretical  lifetimes  calculated  for  x  »  0.207  and  using  Nemlrovsky's 
expression  for  n^(x,T).  For  T  >  150K,  the  lifetimes  are  close  to  those  observed 
In  unpassivated  samples,  whereas  at  lower  temperatures,  the  lifetimes  are  con¬ 
siderably  longer  because  of  reduced  surface  recombination. 


SCSI-2 1488 


1000/T  (K'1) 


Fig.  9  Temperature  dependence  of  minority  carrier  lifetime  in  passivated 
n-type  Hgg.7gCdQ.21Te.  Theoretical  values  are  obtained  by  using 
n-j ( x ,T)  In  Ref.  10.  The  Inset  in  the  figure  shows  a  typical 
photoconduct Ive  response.  The  lower  trace  Is  the  decay  curve  and  the 
upper  one  Is  the  same  trace  plotted  on  a  semi  log  scale. 
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From  Figs.  7  and  9,  it  is  clear  that  in  the  intrinsic  region 
(T  >  100K),  the  lifetime  Is  limited  by  Intrinsic  Auger  processes.  In  the 
extrinsic  region,  the  lifetime  is  limited  by  Shockley-Read  recombination  and 
surface  related  effects. 

2. 3. 2. 2  p-Type  LPE  Hg|_vCdvTe 

Lifetimes  in  p-type  HgCdTe  at  77K  are  considerably  shorter  than  in 
n-type.  In  p-Hgj_xCdxTe  with  unpassivated  surfaces,  the  lifetimes  measured 
are  in  general  15-20  ns  at  77K  and  about  150  ns  at  195K  for  x  *  0.21  material. 

A  hole  concentration  (nh)  of  6  *  10*5  cm'-*  and  hole  mobility  (u^)  of  650  cm2/V-s 
at  77K  are  typical  for  these  samples.  The  measured  lifetime  as  a  function  of 
temperature  for  a  typical  x  =  0.21  p-type  sample  is  shown  in  Fig.  10. 


Fig.  10  Temperature  dependence  of  minority  carrier  lifetime  In  unpassivated 
p-type  Hgg.79Cdg.21Te.  The  solid  line  is  for  visual  aid  only. 
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The  lifetime  in  LPE  grown  p-HgCdTe/ CdTe  is  suspected  to  be  limited  by 
surface  recombination.  For  example,  the  lifetime  data  we  have  observed  on 
x  ~  0.3  material  are  very  near  that  for  x  ~  0.2  material.  To  further  support 
this  assertion,  we  carried  out  lifetime  measurements  with  laser  excitation 
through  the  CdTe  substrate.  In  many  samples,  we  observed  a  fast  decay  component 
(x  ~  20  ns)  followed  by  a  slow  component  with  x  >  1  ns.  It  is  conjectured  that 
the  fast  component  Is  due  to  recombination  at  the  Interface  and  the  slow  com¬ 
ponent  is  due  to  true  bulk  recombination.  The  field  due  to  the  composition 
gradients  near  the  interface  is  expected  to  enhance  carrier  diffusion  into  the 
bulk,  which  may  explain  why  the  bulk  component  has  not  been  seen  in  photo¬ 
excitation  of  the  p-type  HgCdTe  front  surface.  In  addition,  it  Indicates  that 
surface  passivation  of  p-HgCdTe  by  the  CdTe  substrate  may  be  better  than  any 
conventional  surface  passlvant  used  to  date. 

It  is  also  possible  that  the  slow  decay  component  is  due  to  presence  of 
traps  near  the  interface.  This  needs  to  be  examined  further  by  electrical  and 
optical  tests. 


2.3.3 


Summary 


The  minority  carrier  lifetime  in  n-Hg1_xCdxTe  (x  ~  0.2)  is  comparable 
to  that  in  bulk  material.  Above  T  >  100K,  the  lifetime  is  limited  by  intrinsic 
Auger  recombination,  and  below  100K  the  lifetime  is  limited  by  Shockley-Read  and 
surface-related  effects.  The  lifetime  In  p-HgCdTe  appears  to  be  much  more 
surface-dominated  than  in  n-HgCdTe.  We  are  beginning  to  see  evidence  for  a 
longer  lifetime  by  photo-excitation  from  the  CdTe  side,  which  is  attributed  to 
the  bulk.  However,  the  possibility  of  carrier  trapping  cannot  be  ruled  out  at 
this  time.  More  definite  conclusions  may  be  reached  when  electrical  measure¬ 
ments  like  DLTS  and  lifetime  measurements  by  volume  excitation  using  two  photon 
absorption  have  been  carried  out.  In  our  theoretical  analysis  of  the  lifetime 
data,  we  find  that  the  expressions  for  energy  bandgap  and  Intrinsic  carrier 
concentration  given  both  by  Nemirovsky  et  al  and  Hansen  et  al,  yield  a  good  fit 
to  our  data  for  x  ~  0.2. 
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3.0  CATION  VACANCY  FORMATION  ENERGIES  IN  LPE  Hg!_xCdxTe 


Experimental  measurements  of  the  cation  vacancy  formation  energies  (Ef) 
of  Hgj_xCdxTe  were  carr*e<1  out  by  Hg-anneallng  and  rapid  quenching  to  room  temp¬ 
erature,  followed  by  Hall  measurements  at  77K.  Our  observations  show  that  one 
charge  state  vacancy  Is  dominant,  so  that  the  fractional  number,  n,  of  cation 
vacancies  at  temperature  T  Is  related  exponentially  to  the  energy  Ef  required  to 
create  one  vacancy,  n  *  A  exp  C-Ef/kT").  No  appreciable  temperature  dependence 
of  Ef  due  to  temperature  variation  of  the  Ionization  levels  and  the  self- 
consistent  Fermi  level  Is  seen.  Our  measured  value  for  the  activation  energy  is 
found  to  be  Ef  *  0.9  ±  0.1  eV,  for  H9i_xCdxTe  with  x  ®  0.21,  0.3  and  0.43.  This 
value  Is  found  to  be  nearly  Independent  of  Cd  composition  x.  Theoretical  cal¬ 
culations  of  the  p-type  carrier  concentrations  due  to  cation  vacancies  In 
Hg0  8^0. 2Te  results  which  are  In  good  agreement  with  experimental  data. 

These  modeling  calculations  predict  the  cation  vacancies  to  be  predominantly 
doubly  Ionized  species  at  77K. 

Cation  vacancies  In  Hgj_xCdxTe  are  thought  to  be  responsible  for  the 
acceptor  behavior  In  p-type  conduction.  Knowledge  of  cation  vacancy  formation 
energies  (Ef)  reveals  Important  Information  about  the  p-type  conduction,  lattice 
defects,  and  temperature  stability  of  electrical  behavior.  Measured  values  of  Ef 
can  also  be  compared  with  theoretical  models  of  vacancy  formation.  Here  we  pre¬ 
sent  the  results  of  a  study  to  measure  Ef  for  a  number  of  HgCdTe  compositions  by 
simple  Hg-anneallng/ quenching  and  Hall  measurements.  The  experimental  analysis 
is  based  on  several  assumptions  which  are  justified  by  theoretical  calcula¬ 
tions^  as  well  as  by  arguments  based  on  the  experimental  results. 


From  simple  thermodynamic  arguments,  It  can  be  shown  that  If  one  va¬ 
cancy  charge  state  Is  dominant,  the  fractional  number  n  of  cation  vacancies  In 
equilibrium  at  temperature  T  under  the  experimental  conditions  reported  here  Is 
related  approximately  exponentially  to  an  energy  Ef  referring  to  single  vacancy 
formation: 

n  =<  A*exp[-Ef/kT]  (7) 
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where  A  is  a  constant  for  the  material  and  k  is  the  Boltzmann  constant.  The 
interpretation  of  Ef  is  given  later  (Eq.  (14)).  If  we  assume  that  either  singly 
or  doubly  charged  vacancies  are  dominant  at  77K,  after  quenching,  then  the 
number  of  carriers  contributing  to  the  Hall  concentration,  which  will  be  our 
measured  quantity,  is  directly  proportional  to  the  number  of  vacancies  n.  The 
number  of  vacancies  can  therefore  be  studied  quantitatively  as  a  function  of 
temperature  from  quenching  experiments  of  HgCdTe  samples. 

The  establishment  of  thermal  equilibrium  may  require  long  times,  es¬ 
pecially  at  low  temperatures  where  the  mobility  of  the  Hg  vacancies  becomes 
small.  Quenching  a  crystal  from  a  relatively  high  temperature  Tq  to  a  low 
temperature  can  freeze  In  the  high  temperature  configuration  of  the  atoms, 
thereby  allowing  the  determination  of  vacancy  concentration  at  T  =  Tq.  Equation 
(7)  may  be  used  to  determine  Ef  for  cation  vacancies  from  Arrhenius  plots  of 
carrier  concentrations  vs  1/T. 

In  the  present  study,  experimental  measurements  of  the  Ef  of  Hg2_xCdxTe 
were  carried  out  by  Hg  annealing  and  rapid  quenching  to  room  temperature,  fol¬ 
lowed  by  Hall  measurements  at  77K.  The  variation  of  hole  concentration  was 
measured  as  a  function  of  equilibrium  temperature  under  Hg-saturated  conditions. 
These  results  complement  previously  reported  annealing  data  on  bulk 
H<Jo.6Cd0.4Te****5  and  Hg  loss  rates  and  annealing  experiments  on  Hgj_xCdxTe.16 

The  H9i_xCdxTe  layers  were  grown  by  liquid  phase  epitaxy  (LPE)  on 
undoped  CdTe  substrates  In  the  Te-rich  solution.  The  thickness  of  the  LPE 
layers  was  typically  20-25  pm.  The  as-grown  samples  without  any  chemical 
treatment  were  annealed  In  a  saturated  Hg  atmosphere  at  310-500°C  for  about 
4  h.  The  sealed  annealing  tubes  were  then  quenched  in  cold  water.  For  Hall 
measurements,  samples  were  cut  in  rectangular  shape  with  typical  dimensions 
8x4  mm2  and  etched  in  1%  Br-methanol  for  10  s.  Electroless  gold  dots  and 
indium  solder  were  used  for  ohmic  contacts  to  p-type  Hg2_xCdxTe.  Samples  were 
mounted  In  a  liquid  nitrogen  dewar  with  GE  varnish,  and  Hall  measurements  were 
carried  out  by  the  standard  Van  der  Pauw  method. 

Experimental  results  for  the  Ef  values  for  x  *  0.21,  0.3,  and  0.43 
are  summarized  in  Fig.  11.  Note  that  the  measured  slope  of  the  curves. 
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1000/T  (K_1) 

Fig.  11  Hole  concentration  as  a  function  of  Hg-anneal ing/quenching 
temperature  for  x  *  0.21,  0.30  and  0.43  of  Hg1-xCdxTe. 

Ef  *  0.9  ±  0.1  eV,  which  we  interpret  as  a  cation  vacancy  formation  energy  in 
the  Hgj_xCdxTe  alloy  under  Hg-saturated  conditions.  Is  nearly  Independent  of 
composition.  The  observed  relative  Insensitivity  of  Ef  to  the  composition 
parameter  x  may  appear  surprising,  particularly  In  view  of  the  differences  in 
Hg-Te  and  Cd-Te  bonding  properties.17  However,  as  discussed  In  Reference  13, 
many  terms  enter  Ef,  some  of  them  significantly  larger  than  the  contribution 
of  the  broken  bonds  to  the  energy  of  the  doubly  Ionized  vacancy  formation.  It 
Is  Important  to  note  that  Ef  Is  not  directly  comparable  to  the  values  obtained 
by  other  workers1**1®  for  enthalpies  of  cation  vacancy  formation  under  other 
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experimental  conditions,  since  Ef  refers  to  the  enthalpy  of  cation  vacancy 
formation  under  a  saturated  Hg  overpressure,  while  in  the  other  treatments  the 
effects  of  varying  the  Hg  pressure  at  a  particular  temperature  are  separated 
out. 

Recently,  Dimiduk  et  al16  reported  Hg  loss  measurements  from  H9i_xCdxTe 
crystals  by  the  He+  Ion  backscatterlng  method.  From  the  temperature  dependence 
of  the  number  of  Hg  atoms  lost  per  cm^-s,  activation  energies  AE  were  determined 
which  ranged  from  1.0-2. 5  eV  for  x  *  0.23-0.4.  In  this  experiment,  however,  the 
measured  values  obtained  by  Hg  loss  rate  involve  motion  of  the  Hg  vacancies,  as 
well  as  vaporization  of  Hg  from  the  surface.  Therefore,  it  is  believed  that  the 
activation  energy  will  include  vacancy  motion  energy.  Such  AE  would  always  be 
higher  than  the  vacancy  formation  energies  discussed  in  this  work.  It  must  be 
noted  that  our  interpretation  of  the  experimental  data  is  based  on  a  simple 
model  of  Hg  vacancy  formation. 

In  HgCdTe  compounds,  the  generally  accepted  model  (e.g.,  Kroger's 
model19)  gives  neutral,  single  and  doubly  ionized  vacancies  present  in  thermo¬ 
dynamic  equilibrium.  The  formation  of  these  vacancies  at  the  Hg  annealing 
temperature  can  be  described  by  the  reactions 


+  Hg  (vapor) 


Vc  + 


h* 


(8) 

(9.1) 


(9.2) 


[vcT0T1  -  [V*l  +  [V‘]  +  [vp 


(10) 
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where  V*  is  used  for  a  neutral  cation, 
doubly  ionized  cation  vacancies  and  h* 
each  reaction  considered,  we  may  write 


vacancy  V"  and  V”  for  singly  and 

V  W 

for  a  positively  charged  hole.  For 
a  mass  action  equation: 


[Vx]  =  3N  exp  C-AH/kTl 

V 


(11) 


CV"]  =  2[vx3  exp  C-{Ef(T)  -  E1(T)i/kT3 


(12) 


CV’’]  [Vx]  exp  [- (2Ep(T)  -  E^T)  -  E2(T)}/kT]  (13) 


where  N  is  the  total  number  of  available  cation  lattice  sites,  AH  is  the  Gibbs 
free  energy  to  create  a  neutral  cation  vacancy  In  equilibrium  minus  kT  Jln3,13 
Ep  is  the  Fermi  energy,  E^  and  E2  are  single  and  double  ionization  energies 
for  cation  vacancies. 

We  assume  that  the  total  concentration  of  cation  vacancies  is  frozen 
in  at  77K,  and  equal  to  the  equilibrium  concentration  at  the  annealing  temper¬ 
ature.  We  calculate  the  carrier  concentrations  at  77K  by  allowing  the  system 
to  come  to  electronic  equilibrium  only;  i.e.,  the  distribution  of  vacancies 
among  the  various  charge  states  is  calculated  self-conslstently  with  the  Fermi 
level.  AH  is  given  in  Reference  1  as  a  function  of  x  and  T.  It  results  from 
theoretical  calculations  using  the  dielectric  model  and  not  from  an  empiri¬ 
cal  fit.  It  is  important  to  note  that  since  the  charged  vacancies  are  domi¬ 
nant,  the  acceptor  ionization  levels  and  Fermi  energy  level  at  77K  are  very 
important  in  determining  the  hole  concentrations.  We  have  used  the  the  theo¬ 
retical  temperature  dependence  for  the  ionization  levels  assuming  that  they 
correspond  to  electronic  orbits  being  quite  localized  rather  than  extended. 

We  have  found  that  a  good  fit  to  the  data  was  obtained  with  zero  temperature 
levels  E^  *  -0.505  and  E£  *  0.002  eV,  which  correspond  to  the  identification 
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of  the  E 2  level  and  the  placement  of  the  E^  level  below  the  valence  band  edge, 
a  model  suggested  by  C.E  Jo>.  This  zero-temperature  value  for  Ej  may  seem 

excessively  low.  However,  the  first  ionization  level  for  cation  vacancies  in 
CdTe  is  0.8  eV  below  the  second  at  300K,^  so  choosing  Ej  to  be  0.5  eV  below 
E 2  in  HgQgCdQ^Te  may  not  be  unreasonable  if,  as  seems  to  be  the  case,  the 
vacancy  levels  correspond  to  well  localized  states. 

The  calculated  hole  concentrations  based  on  the  above  analysis  of 
HgQ.sCdo.gTe  at  77K  are  plotted  in  Fig.  12  and  compared  with  those  of  experi¬ 
mental  measurements  on  x  *  0.21  Hg^_xCdxTe  samples.  Since  mass  action  equa¬ 
tions  are  only  satisfied  if  the  solid  crystal  has  reached  equilibrium  with  the 
saturated  Hg  pressures,  the  equilibrium  concentrations  of  vacancies  will  be 
the  actual  concentration  at  the  annealing  temperature  only  if  equilibrium  is 
reached.  In  addition,  when  the  crystal  is  quenched  after  high  temperature 
annealing,  the  vacancies  form  complexes  with  other  defects  so  that  the  total 
vacancy  concentration  at  77K  may  not  be  the  equilibrium  concentration  at  the 
annealing  temperature.  For  these  reasons  it  is  useful  to  compare  the  77K  hole 
concentrations  calculated  from  the  dielectric  theory  to  those  measured  in 
experiment.  Hole  concentrations  calculated  for  x  =  0.2  are  in  good  agreement 
with  the  values  obtained  from  Hg  annealing  followed  by  the  77K  Hall  measure¬ 
ments. 

Since  H9i>x^dx^e  *s  3  highly  ionic  compound  with  ionicity  of  about 
0.7,  a  cation  vacancy  is  easily  ionized.  The  calculations  show  that  doubly 
ionized  vacancies  dominate  both  at  the  annealing  temperature  and  at  77K.  From 
Eqs.  (7)  and  (13),  we  obtain  an  equation  for  the  vacancy  formation  energy  Ef, 
by  means  of  an  Hg  escaping  to  the  gas,  in  terms  of  thermodynamic  parameters: 


Ef  *  2Ep(T)  -  E1(T)  -  E2(T)  +  AH(T,x) 


(14) 
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Fig.  12  Calculated  hole  concentration  as  a  function  of  Hg  equilibrium 

temperatures  (solid  curve)  for  x  =  0.20  and  the  dashed  line  shows 
experimental  points  for  x  *  0.21. 


It  should  be  emphasized  that  this  equation  is  valid  only  when  V”~  is  the  only 
Important  species  as  seen  from  Eq.  (13). 

Using  the  theoretical  values  for  Ej(T),  E2(T)  and  0H(T,x),  and  the 
self-consistent  Fermi  energy  Ep(T),^  gives  a  value  for  Ef  very  similar  to  that 
obtained  from  experiment,  as  shown  by  the  agreement  of  the  slopes  in  Fig.  12. 

In  conclusion,  we  have  carried  out  experimental  and  theoretical  inves¬ 
tigations  of  cation  vacancy  formation  In  HgCdTe  alloys  of  various  compositions. 
The  results  can  be  summarized  as  follows: 
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Samples  of  Hg^_xCdxTe  were  grown  by  LPE,  annealed  (equilibrated) 
at  high  temperatures  for  long  times  under  Hg-saturated  condi¬ 
tions,  and  quenched  rapidly  down  to  room  temperature.  The  p- 
type  carrier  concentrations  in  the  samples  were  then  taken  as  a 
measure  of  the  concentration  of  cation  vacancies. 

Hall  measurements  at  77K  of  p-type  carrier  concentrations  in 
HgCdTe  quenched  from  various  temperatures  yield  data  which  are 
consistent  with  simple  modeling  of  vacancies.  Arrhenius  plots 
indicate  activated  processes  and  yield  clear  activation 
energies. 

The  activation  energies,  for  what  we  interpret  as  the  formation 
energy  of  cation  vacancies  by  means  of  Hg  escaping  to  the  gas, 
is  found  to  be  Ef  =  0.9  t  0.1  eV.  Within  experimental  error, 
this  value  is  also  found  to  be  independent  of  the  composition 
parameter  x  of  the  alloys  that  were  tried  (x  =  0.21,  0.3,  and 
0.43). 

The  experimental  technique  employed  electrical  measurements  at 
low  temperatures.  The  data,  however,  did  not  exhibit  variations 
due  to  competing  charge  states  for  the  vacancies,  indicating 
that  the  vacancies  are  predominantly  charged  at  77K  and  are 
predominantly  in  a  doubly  ionized  state  at  both  the  annealing 
temperature  and  77K. 

Theoretical  calculations  of  the  p-type  carrier  concentrations  in 
H90.8^d0.2^e  as  a  faction  0f  the  quench  temperatures  yield 
results  which  are  in  good  agreement  with  our  77K  experimental 
data  under  the  assumption  of  a  large  negative  Ej  energy  and  a 
small  positive  Eg  state  energy. 
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4.0  CHARACTERIZATION  OF  Te  PRECIPITATES  IN  CdTe  CRYSTALS 

Te  precipitates  in  CdTe  have  been  characterized  by  transmission 
electron  microscope  (TEM),  Auger  spectroscopy,  x-ray  diffraction  and  Raman 
spectroscopy.  The  x-ray  results  show  that  the  precipitated  Te  in  Bridgman- 
grown  Te  crystals  has  the  same  structural  phase  as  observed  in  elemental  Te 
under  high  pressure.  Auger  and  Raman  microprobe  spectroscopy  were  carried  out 
to  confirm  Te  precipitates  in  CdTe  and  identify  the  symmetry  of  the  Te 
precipitates. 

The  formation  of  tellurium  (Te)  precipitates  in  CdTe  is  one  of  the 
most  pressing  materials  problems  in  CdTe  crystals.  The  need  for  high  quality 
and  defect-free  CdTe  with  high  optical  transmission  motivated  a  systematic 
study  of  this  problem.  Of  particular  interest  is  the  nature  of  Te  precipi¬ 
tates  and  their  formation  during  the  growth  process  of  CdTe  single  crystals. 
The  formation  of  Te  precipitates  is  a  consequence  of  the  retrograde  solid 
solubility  in  the  CdTe  binary  system.  Te  precipitates  are  detrimental  to  a 
number  of  optical,  opto-electrical  and  liquid  phase  epitaxy  (LPE)  HgCdTe 
substrate  applications. 

In  order  to  grow  high  quality,  defect-free  HgCdTe  layers,  it  is 
necessary  to  use  high  quality  CdTe  substrate  material.  Since  the  quality  of 
LPE  HgCdTe  layers  is  strongly  affected  by  the  quality  of  CdTe,  substrates  with 
low  dislocation  density  and  high  purity  are  required.  Unfortunately,  the  CdTe 
substrates  currently  available  have,  in  general,  high  dislocation  density, 
varying  from  103-108  cm"^.  Ouring  the  past  year,  we  have  initiated  a  syste¬ 
matic  investigation  of  structural  defects  in  CdTe  substrates  by  using  trans¬ 
mission  electron  microscope  (TEM).  This  study  shows  that  dislocation  nests, 
loops  and  stacking  faults  are  prevalent  in  CdTe  samples.  The  observed  loops 
were  verified  to  be  the  vacancy  type  and  the  stacking  faults  were  generated 
from  vacancy  loops  In  the  sample.  Analysis  of  the  electron  diffraction  pat¬ 
tern  Indicates  that  the  sample  purchased  from  1 1 -VI  Inc.,  is  free  of  tellurium 
precipitation;  however,  Te  precipitates  have  been  observed  in  many  other  CdTe 
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samples  grown  by  different  techniques,  e.g.,  traveling  heater  method,  vapor 
transport  technique  and  LPE  CdTe  grown  from  Sn  solution.  Relatively  low  dis¬ 
location  density  (<  103  cm^)  and  apparent  absence  of  stacking  faults  were 
observed  in  some  vapor  grown  CdTe  and  LPE  layers. 

A  significant  improvement  in  quality  of  the  sample  has  been  observed 
on  LPE  CdTe  grown  on  bulk  CdTe  in  Sn  solution.  We  do  not  see  such  extensive 
nesting  and  tangling  of  dislocations.  In  addition  we  do  not  see  the  prominent 
evidence  we  saw  in  some  of  the  polished  samples  of  scratch  remnants  remaining 
on  the  surface.  However  we  do  see  some  tell uri tin  present  as  identified  from 
selected  area  electron  diffraction  patterns  and  this  seems  to  be  prevalent  in 
this  THM  (traveling  heater  method)  CdTe  wafer. 

To  study  the  nature  of  Te  precipitates  in  CdTe  crystals,  we  have 
carried  out  Auger  analysis  and  x-ray  diffraction  studies.  Undoped  p-type  CdTe 
wafers  grown  by  the  Bridgman  method  were  cut  into  (111)  orientaions,  followed 
by  mechanical  polishing  with  0.3  \tn  alumina  powder  and  Br-methanol  chemical 
etching.  When  viewed  under  an  optical  microscope,  some  CdTe  substrates  show 
inclusions  of  various  sizes  throughout  the  surface  as  shown  in  Fig.  13.  These 
inclusions  are  also  confirmed  by  IR  transmission  microscope  examination.  We 
recently  carried  out  spatially  resolved  Auger  analysis  on  these  substrates. 
Figure  13  shows  the  Auger  spectra  from  the  relatively  clear  field  of  substrate 
labeled  as  A.  Two  distinct  peaks,  due  to  Cd  and  Te,  are  observed  in  the  clear 
region.  To  understand  the  structure  of  the  inclusions  we  first  looked  at  the 
relatively  small  sized  inclusions  labeled  as  region  B  in  Fig.  13.  The  magni¬ 
tude  of  Te  peak  is  nearly  the  same  as  obtained  from  CdTe  sources,  but  the  Cd 
peak  is  much  weaker.  The  inclusions  seem  to  contain  small  amounts  of  cadmium; 
however,  they  consist  mainly  of  Te.  Similarly,  we  probed  the  larger  inclu¬ 
sions  labeled  as  region  C  in  Fig.  13.  The  Auger  spectra  shown  in  Fig.  13(c) 
again  revealed  Te  precipitation.  The  Cd  to  Te  peak  intensity  is  nearly  five 
times  weaker. 
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Fig.  13  Auger  spectrum  of  a  CiTe  substrate  exhibiting  surface  inclusions. 
The  spectrum  is  for  (a)  inclusion-free  CdTe,  (b)  small,  and 
(c)  large  inclusions.  Data  shown  in  (b)  and  (c)  were  taken  in  the 
vicinity  of  Cd  and  Te  peaks  only. 
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In  an  effort  to  reduce  the  concentration  of  Te  precipitates,  a  piece 
of  CdTe  was  annealed  in  Cd  overpressure  at  600-800°C.  Subsequent  to  annealing 
the  optical  microscope  showed  that  the  concentration  of  small  inclusions  was 
considerably  reduced,  whereas  the  larger  ones  were  still  present.  The  corres¬ 
ponding  improvement  of  the  infrared  transmission  due  to  Cd-annealing  is  shown 
in  Fig.  14.  The  high  transmission  suggests  that  small  Te  inclusion  may  be 
responsible  for  low  optical  transmission. 


Fig.  14  Infrared  transmission  spectra  of  a  CdTe  substrate  are  shown 
before  and  after  Cd  annealing. 
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Another  Interesting  feature  of  Cd  annealed  CdTe  substrates  is  the  im¬ 
purity  profiles.  Figure  15  shows  the  SIMS  depth  profiles  for  four  CdTe  samples. 
All  the  CdTe  samples  are  finished  up  by  Cabosil  polishing.  The  first  sample 
(#1)  is  as-grown  and  Cabosil  polished;  its  profile  shows  the  CdTe  surface  to  be 
heavily  contaminated  up  to  10  pn  deep.  Only  a  few  of  the  ions  are  indicated  in 
this  figure,  but  other  impurities  were  also  observed.  The  Cd  annealed  sample 
(#2)  shows  exceptionally  low  levels  of  Li  (17),  Na  (23),  A1  (27)  and  K  (39). 

This  sample  was  etched  about  20  pm  prior  to  Cd  annealing;  the  profile  shows  an 
exceptionally  clean  sample.  Sample  #3,  which  was  Br-methanol  etched  after  Cd 
annealing,  again  shows  high  levels  of  impurities,  surface  contamination  is  very 
noticeable.  Sample  #4  was  annealed  CdTe  on  which  LPE  HgCdTe  was  first  grown  and 
then  polished  off.  The  profile  of  sample  #4  shows  both  surface  contamination 
and  high  levels  of  background  impurities.  It  is  also  noticed  that  all  the  Cd 
annealed  samples  (#2,  3  and  4)  show  very  low  levels  of  Li  impurity  compared  to 
the  unannealed  sample. 

The  effects  of  Cd  annealing  are  twofold.  First,  Cd  annealing  reduces 
Cd  vacancies  in  CdTe  and  converts  p-  to  n-type.  A  Li  atom  in  CdTe  acts  as  an 
acceptor  when  substituted  on  a  Cd  site,  and  as  a  donor  when  located  intersti- 
tially.  During  Cd  annealing,  Li  on  a  Cd  site  outdiffuses  to  the  sample  sur¬ 
face  and  is  replaced  by  a  Cd  atom.  Second,  it  has  been  observed  that  in  I I- IV 
semiconductors  which  exhibit  anion  precipitation  phenomena,  high  temperature 
post-anneals  have  been  successfully  used  to  reverse  these  effects.  A  conse¬ 
quence  of  Cd  annealing  in  CdTe  is  that  reincorporation  of  Te  precipitates 
occurs  through  the  formation  of  CdTe.  The  transmission  of  CdTe  wafers  was 
significantly  improved  by  reducing  Te  precipitate  particles  as  well  as  cation 
vacancies.  As  a  result  of  the  Cd  annealing,  the  quality  of  CdTe  substrates  is 
significantly  improved. 

To  gain  Insight  into  the  nature  of  Te  precipitates  in  CdTe,  we  per¬ 
formed  x-ray  diffraction  and  micro-Raman  scattering  experiments.  X-ray  dif¬ 
fraction  profiles  for  unannealed  CdTe  measured  using  Cu  Ka  radiation  are  shown 
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in  Fig.  16.  In  both  unannealed  and  Cd-annealed  CdTe  cases,  the  main  diffrac¬ 
tion  lines  for  single  crystal  CdTe,  namely  (111),  (222),  (333)  and  (444),  are 
present.  Table  1  lists  the  diffraction  lines  and  the  d-spaclngs  measured. 
Both  the  peak  positions  and  d-spacings  of  main  diffraction  lines  are  in  good 
agreement  with  x-ray  powder  file  data  for  CdTe  (111). 
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Fig.  16  X-ray  diffraction  spectrum  for  Bridgman-grown  (111)  CdTe 
before  Cd  annealing. 
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Table  2 


Comparison  of  the  Experimental  d-Spacings  of  Tellurium  Precipitates 
In  CdTe  and  Powder  Data  for  High  Pressure  Tellurium  Phase 


Peak  Intensity 
(counts/s) 

dobs 

(A) 

CdTe 

hkl 

Te  (115  kbar)* 
d(A) 

125 

7.25 

250 

4.19 

625 

4.15 

>  1,000,000 

3.74 

111 

100 

2.73 

2.78 

425 

2.44 

2.36 

2200 

1.87 

222 

100 

1.84 

1.78 

89,000 

1.248 

333  aj 

62 ,000 

333  a2 

75,000 

0.9358 

444  aj 

49,00 

444  a2 

♦Data  of  Jamieson  and  McWhan,  Ref.  22. 


The  additional  diffraction  lines  were  initially  suspected  to  be  due 
to  impurities  like  C,  Fe,  Cu,  Cd,  cadmium  oxides  and  tellurium  oxides.  The 
lines  could  not,  however,  be  associated  with  any  of  these  impurities.  We 
noticed  also  that  these  additional  lines  were  not  present  in  the  Cd-annealed 
CdTe  and  other  high  transmission  CdTe  samples.  The  x-ray  diffraction  spectra 
shown  in  Fig.  16  show  that  the  spurious  diffraction  lines  are  at  26  value 
equal  to  32.8°,  36.8°  and  49.7°,  corresponding  to  d  spaclngs  of  2.73,  2.44  and 
1.84A.  A  comparison  of  these  d-spacings  with  the  data  of  Jamieson  and 
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Fig.  17  Stokes  micro-Raman  spectrum  of  Te  precipitates  in  CdTe  crystal. 


Chan’s22  suggests  that  the  additional  lines  are  due  to  Te  precipitates,  with 
Te  in  the  high  pressure  rhombohedral  phase.  We  have  been  unable  to  find 
another  structure  which  unambiguously  fits  our  data  within  estimated  error  of 
0.5%  in  d/d0. 

Raman  microprobe  spectroscopy  was  also  used  to  characterize  Te  pre¬ 
cipitates  in  CdTe  crystals. 2^  The  primary  objective  was  to  confirm  Te  precip¬ 
itates  In  CdTe  and  Identify  the  symmetry  of  the  Te  precipitates.  Since  Raman 
spectra  of  solids  are  obtained  by  the  scattering  of  light  by  optical  phonons, 
any  scattering  due  to  Te  crystallites  can  be  determined  by  comparing  the  results 
with  those  from  a  Te  single  crystal.  Figure  17  shows  a  Raman  spectrin  from  Te 
precipitates  In  CdTe  at  room  temperature.  A  comparison  of  the  intensity  ratio 
and  frequency  positions  of  our  observed  spectra  with  the  previously  reported  Te 
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spectrum^4  enabled  us  to  identify  the  phonon  lines.  The  three  Raman  active 
phonons  correspond  to  one  Aj  (120  cm"*)  and  two  E  (90  and  139  cm"*)  modes.  One 
interesting  fact  was  that  our  observed  Raman  lines  are  approximately  2  cm"1 
lower  in  energy  than  those  reported  for  single  crystal  Te  at  room  temperature. 
As  discussed  above,  our  x-ray  results  show  that  the  Te  precipitates  in  CdTe  are 
in  the  high  pressure  phase,  where  similar  shifts  of  the  phonon  lines  may  be 
expected. This  result  is  then  consistent  with  the  x-ray  data. 

In  summary,  we  have  identified  the  nature  of  Te  precipitates  in  CdTe 
by  Auger,  x-ray  diffraction  and  micro-Raman  spectroscopy.  The  x-ray  result 
shows  that  the  precipitated  Te  in  Bridgman- grown  CdTe  crystal  has  the  same 
structural  phase  as  observed  in  elemental  Te  under  high  pressure.  Micro-Raman 
spectroscopy  was  carried  out  to  confirm  Te  precipitates  in  CdTe  and  identify 
the  symmetry  of  the  Te  precipitates. 
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5.0  EQUILIBRIUM  OF  NORLE  GASES  Xe,  AND  He  WITH  Hg0>79Cd0>2iTe 

We  have  carried  out  experiments  with  annealing  H9o.79c<1o.21Te  mix” 
tures  of  a  rare  gas  (Xe  and  He)  and  Hg  atmospheres  in  order  to  examine  p-type 
conduction  mechanisms  in  HgCdTe  alloys.  The  results  were  very  Interesting  in 
that  reduced  hole  (p)  carrier  concentrations  and  higher  mobilities  ^  were 
observed,  as  predicted  by  an  empirical  model  presented  here. 

5.1  Introduction 

Impurity  compensation  in  II-VI  compounds  has  been  the  subject  of  in¬ 
tensive  investigations.26*27  The  HgCdTe  alloy  system  is  particulary  important 
since  the  bandgap  can  be  tailored  to  match  infrared  detector  requirements  over 
a  wide  spectral  range  (1-25  nm).  Cation  vacancies  in  Hg1-xCdxTe  are  thought 
to  be  responsible  for  the  deep  levels  associated  with  nonradiative  recombina¬ 
tion  centers.  Therefore,  extensive  research  on  the  shallow  p-type  impurities 
doping  (e.g.,  IB  and  V-group  elements)  is  being  conducted  at  many  laborato¬ 
ries.  Here  we  report  on  studies  which  explored  the  compensation  effects  of 
Hg-annealing  of  HgCdTe  alloys  in  the  presence  of  the  noble  gases  Xe  and  He. 

In  a  series  of  earlier  studies  discussed  above  in  Section  3.0,  we 
investigated  the  species  responsible  for  p-type  conduction  in  Hg1-xCdxTe. 28,29 
These  studies  strongly  suggested  Hg-vacancies  as  the  dominant  p-type  species. 
The  values  obtained  for  vacancy  formation  energies  Ef  were  nearly  independent 
of  the  alloy  composition  parameter  x.  In  order  to  study  the  Hg-vacancies  in 
more  detail,  we  decided  to  substitute  some  inert  atoms  in  their  sites.  The 
noble  gas  Xe  was  selected  for  this  purpose.  Based  on  some  Initial  arguments, 
we  expected  to  see  less  p-type  (or  possibly  low  concentration  n-type)  conduc¬ 
tion,  and  better  mobility  ^  for  HgCdTe  annealed,  and  quenched  in  a  Hg/Xe  mix¬ 
ture,  as  compared  with  that  annealed  only  in  Hg  atmosphere  and  quenched  from 
the  same  temperature  Tq. 
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The  incorporation  of  noble  gas  atoms  such  as  Xe  into  the  intrinsic 
material  defect  sites  has  been  studied  in  other  semiconductors,3®  although 
positive  proof  will  require  further  studies. 

The  interaction  of  Xe  with  HgCdTe  is  not  only  an  interesting  phenom¬ 
enon,  but  studying  it  could  help  clarify  the  process  of  defect  compensation  in 
this  important  material  system. 

Here,  we  report  on  the  effects  of  annealing  in  the  presence  of  Xe/Hg 
mixtures  on  the  electrical  properties  of  Hgg  ^gCdg^iTe.  Our  results  can  not 
be  explained  by  means  of  a  simple  P-T  phase  diagram  of  HgCdTe  at  high  tempera¬ 
ture.  We  show  that  a  satisfactory  explanation  of  our  data  can  be  obtained  by 
the  assumption  that  Xe  atoms  substitute  for  the  Hg  vacancies  in  p-type  HgCdTe 
and  decrease  hole  concentrations,  which  are  attributed  to  ionized  cation 
vacancies.  The  Xe  annealing  experiments  were  subsequently  followed  by  He- 
annealing  experiments  to  further  probe  the  rare  gas-vacancy  interactions. 

5.2  Experimental 

The  H9o.7gCdo.2iTe  layers  were  grown  by  liquid  phase  epitaxy  (LPE) 
from  Te-rich  solution  on  undoped  (111)  CdTe  substrates.  The  thickness  of  the 
LPE  layer  was  typically  30-40  pm.  As-grown  layers  were  p-type  with  hole  con¬ 
centration  of  1.0  x  10”  cm"®  at  77K.  For  p-type  HgQ^gCdg^jTe  we  have 
achieved  low  hole  carrier  concentration  and  high  hole  mobility  by  annealing  at 
Tq  =  410°C  for  4  h  under  saturated  Hg-overpressure  and  quenched  rapidly  to 
room  temperature.  Representative  electrical  properties  of  as-grown  and  Hg- 
annealed  HgQygCdQ^jTe  epi layers  are  listed  in  Table  3.  The  hole  concentra¬ 
tion  upon  annealing  was  decreased  an  order  of  magnitude  to  about  1.7  x 
10*6  cm"3  and  mobility  improved  to  ~  438  cm^/V-s. 
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Table  3 

Electrical  Properties  of  Hg0> 7gCd0  ^iTe/CdTe  Epitaxial  Layers 

(T*=  77K) 


Conduction  Type 


As-grown 


P 


After 

Hg  Annealing'15) 


After 

Xe/Hg  Annealing 


n 


(b) 


Resistivity^)  0.239  0.82  0.118 

(ohm- cm) 

Hall  Coefficient^3*0)  6.38  x  io1  3.6  x  io2  6.7  x  io3 

(cm3/Coul ) 


Hall  Mobility  2.84  x  102  4.38  x  102  5.7  x  io4 

(cm2/V-s) 


Carrier  Concentration  9.1  x  io16  1.7  x  io16  9.3  x  io14 

(cm"3) 

(a) 6  KG  magnetic  field 

(b) Hg-anneal1ing  was  carried  out  at  405°C  for  4  h  in  Hg  atmosphere 

(c) Top  surface  (~  2  pm)  was  etched  using  0.5%  Br-methel  solution  before  Hall 
Measurement 

^Sample  thickness  was  40  pm. 


In  order  to  investigate  the  effect  of  Xe  equilibrium  with  Hg  vacan¬ 
cies,  long  wavelength  infrared  (LWIR)  Hgg^gCdg  ^iTe  was  annealed  at  410°C 
under  a  high  pressure  (~  300  psi)  mixture  of  Xe  and  Hg  atmosphere.  The  elec¬ 
trical  properties  were  measured  after  etching  off  the  top  surface  (~  2  pm) 
using  0.5%  B^-CHgOH  solution.  The  results  are  also  listed  in  Table  3.  It 
was  found  that  the  test  epl layer  was  converted  into  n-type  whereas  the  control 
sample  annealed  under  only  a  Hg  environment  remained  p-type  (the  control  and 
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test  pieces  were  taken  from  adjacent  pieces  of  the  same  epilayer).  The  elec¬ 
tron  carrier  concentration  and  Hall  mobility  at  77K  for  the  Xe/Hg  annealed 
sample  are  unusually  low,  compared  to  well  behaved  n-type  material  (which  is 
generally  obtained  by  annealing  at  200°C),  suggesting  the  possibility  of 
compensation. 

The  observed  variation  of  the  carrier  concentration  of  Xe/Hg  annealed 
epilayer  as  a  function  of  temperature  in  the  temperature  range  20-300K  is 
shown  in  Fig.  18.  For  comparison,  we  have  also  shown  the  behavior  of  a  sim¬ 
ilar  sample  which  has  been  annealed  at  210°C,  a  temperature  range  at  which 
standard  n-type  LPE  HgCdTe  is  obtained.  The  temperature  dependence  of  carrier 
concentration  of  a  Xe/Hg  annealed  sample  shows  carrier  freeze-out  and  mixed 
conduction  which  is  a  departure  from  classical  n-type  behavior.  The  electron 
concentration  is  nearly  an  order  of  magnitude  lower  than  that  for  the  only  Hg- 
annealed  sample  at  210°C.  A  possible  reason  is  that  the  concentration  of  Xe 
atoms  equilibrated  with  HgCdTe  is  high  enough  to  compensate  the  Hg  vacancies 
and  reduce  the  net  Na-Nq  values.  At  increasing  temperatures  near  the  intrin¬ 
sic  region  the  electron  carrier  concentrations  become  comparable  above  100K. 

In  particular,  Xe/Hg  annealed  sample  shows  thermal  activation  with  ionization 
energy  E^  *  1  meV  in  the  temperature  range  40-100K.  The  Hg-annealed  sample 
does  not  show  any  freeze-out  of  extrinsic  donor  impurities  like  those  of 
normal  n-type  HgCdTe  alloys. 

The  difference  in  low  temperature  behavior  of  (410°C)  Hg/Xe-annealed 
sample  and  (210°C)  Hg-annealed  samples  is  somewhat  more  pronounced  in  mobility 
measurements  shown  in  Fig.  19.  The  Hall  mobility  of  Hg-annealed  sample  in¬ 
creases  with  decreasing  temperature  from  room  temperature  and  at  low  tempera¬ 
tures  becomes  nearly  independent  of  temperature  at  low  temperatures.  The 
electron  mobility  Is  mostly  limited  by  Ionized  impurity  scattering.  In  con¬ 
trast,  the  mobility  data  of  Xe/Hg  annealed  sample  shows  a  peculiar  behavior, 
possibly  due  to  an  additional  defect  scattering  at  near  100K. 
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Fig.  18  Effect  of  Xe/He-anneal ing  on  carrier  concentration  of  Hgg^gCdn^iTe. 
Data  for  conventional  low  temperature  Hg-annealed  sample  are  also 
shown  for  comparison. 


TfM*tRATUKK  (K) 

Fig.  19  Effect  of  Xe/Hg-anneal ing  on  electron  mobility  of  Hg0  jgCdg  ?jTe. 

Data  for  a  conventional  low  temperature  Hg-annealed  sample  are  also 
shown  for  comparison. 
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The  anomalous  behavior  of  carrier  concentration  and  mobility  in  the 
Xe-annealed  samples  can  be  explained  assuming  that  Xe  atoms  substitute  for  the 
Hg  vacancies  in  p-type  HgCdTe  and  a  Xe  acceptor  level  moves  into  the  conduc¬ 
tion  band.  Therefore,  the  Xe-annealed  sample  is  compensated  with  Xe  accep¬ 
tors,  and  an  acceptor  activation  energy  greater  than  the  band  gap.  As  a  re¬ 
sult  of  a  deep  acceptor  level  with  an  activation  energy  comparable  to  the  band 
gap,  Xe-annealed  HgCdTe  converts  to  n-type  with  the  complicated  behavior  of 
the  Hall  coefficients.  If  Xe  atoms  fill  the  Hg  vacancies  in  p-type  HgCdTe 
epi layers,  the  conversion  of  p-  to  n-type  in  HgCdTe  systems29  occurs  due  to 
residual  donors  (e.g.,  dislocations).  These  data,  though  not  conclusive,  and 
when  combined  with  others,^  can  be  used  to  propose  a  relatively  simple  model 
which  may  correctly  describe  n-  or  p-type  conduction  in  HgCdTe.  The  predicted 
picture  is  consistent  with  much  of  the  existing  data  on  HgCdTe. 

Let  us  assume  that  when  HgCdTe  is  annealed  at  relatively  low  tempera¬ 
tures  (~  200°C  at  equilibrium  with  Hg  overpressure) ,  it  becomes  very  low  in 
cation  vacancies.  The  conduction  process  at  low  temperatures  is  then  domi¬ 
nated  by  native  defects  (e.g.,  dislocations  or  interstitials)  or  possibly  some 
residual  impurities.  (If  impurities,  they  must  be  common  to  all  HgCdTe  which 
is  produced  everywhere.)  Assuming  that  these  defects  produce  n-type  behavior, 
low  temperature  annealed  HgCdTe  will  be  n-type  with  high  mobilities  (nn  ~  105 
cm^/V-s)  and  carrier  concentrations  not  exceeding  ~  1015  cm"-*.  Introduction 
of  Hg-vacancies,  i.e.,  by  annealing  at  high  temperatures,  causes  p-type  con¬ 
duction.  For  ordered  and  well  annealed  samples,  the  p-type  carrier  concen¬ 
tration  obtained  at  high  temperatures  (Tq  >  300°C)  can  be  obtained  by  taking 
into  account  the  vacancy  formation  energies  Ef  =  0.9  eV.29  As  described  in 
Section  3.0,  HgQgCdg  ^Te  is  dominated  by  charged  cation  vacancies  and  ioniza¬ 
tion  levels  for  cation  vacancies  cause  large  equilibrium  concentrations  of 
charged  defects.  One  prediction  of  the  above  working  hypothesis  is  that  one 
can  obtain  lower  than  expected  p-type  (or  possibly  even  n-type)  carrier  con¬ 
centration,  if  the  Hg  vacancies  are  occupied  by  a  neutral  atom  such  as  Xe. 

The  addition  of  neutral  atoms  into  the  host  crystal  may  affect  the  defect 
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equilibrium  involved  in  the  formation  of  extended  defects.  To  test  this  idea, 
we  also  carried  out  an  experiment  annealing  HgCdTe  in  He/Hg  atmosphere. 

Low  level  He  doping  was  carried  out  by  inert  gas  He  and  Hg  annealing. 
About  1  atm  (15  psi)  He  was  filled  into  Hg-annealing  samples  and  then 
Hg0. 79^0.21^  1flyers  were  annealed  under  a  He/Hg  atmosphere  at  400°C  for  4  h. 
The  electrical  properties  were  measured  after  etching  off  the  top  surface  2  (im 
thick  HgCdTe  layers.  The  results  of  hole  carrier  concentration  and  hole  mo¬ 
bility  of  both  Hg-annealed  and  He/Hg  annealed  Hg0 ^gCdg  ^iTe  layers  are 
plotted  in  Fig.  20  and  Fig.  21.  This  study  reults  in  consistently  lower  car¬ 
rier  concentrations  and  higher  mobility  than  those  in  the  Hg  annealed  samples 
under  the  same  conditions  for  p-type  LWIR  HgCdTe.  The  hole  carrier  concentra¬ 
tion  and  hole  mobilities  of  the  He/Hg  annealed  epilayers  were  in  the  range  of 
(5-7)  x  io15  cm"3  and  (5-7)  x  io2  cm2/V-s,  respectively.  Noble  gas  interac¬ 
tion  with  Hg  vacancies  is  believed  to  be  responsible  for  the  observed  improve¬ 
ments.  These  results  support  the  above  consideration  of  Xe/Hg  annealing  ef¬ 
fect  that  our  samples  with  inert  gas  equilibrium  had  fewer  Hg-vacancies,  which 
may  be  due  to  substitution  of  Hg-vacancies  by  inert  gas. 


SC83-24790 


0.1  1  10 
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Fig.  20  Effect  of  He/Hg  annealing  on  hole  concentration  of  LPE 
H9o.79Cd0.21Te* 
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SC83-24289 


HOLE  CONCENTRATION  (cm"3) 

Fig.  21  Effect  of  He/Hg  annealing  on  hole  mobility  LPE 
H90.79cd0.21Te< 

The  results  of  He/Hg  annealing  experiments  were  very  much  in  agree¬ 
ment  with  the  predictions,  i.e.,  consistently  higher  mobilities  and  lower 
p-concentrations  were  obtained.  Substituting  Xe  In  the  vacancies  drove  the 
dominant  conduction  mechanism  n-type.  That  is,  the  effective  number  of  p-type 
centers  went  below  that  required  to  offset  the  residual  n-type  (n  ~  10^  cm”3). 
As  expected,  the  control  sample  (Hg-annealed)  remained  p-type.  The  electron 
mobility  in  such  Xe-compensated  samples  was  lower  than  conventional  (low  tem¬ 
perature  Hg-annealed)  HgCdTe.  However,  we  could  not  examine  the  hole 
mobilities. 

Although  the  conclusions  of  our  tests  cannot  be  termed  fully  conclu¬ 
sive,  the  experiments  do  tend  to  support  the  hypothesis.  With  the  admitted 
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inherent  complexities  of  rare  gases  in  solids,  the  results  of  Xe  and  He  an¬ 
nealing  experiments  are  surprisingly  consistent  with  the  simple  working  hy¬ 
pothesis.  The  assumption  of  rare  gases  diffusing  in  HgCdTe  substituting  for 
Hg  vacancies  is  also  consistent  with  recent  experiments  in  Si.^°  Further 
experiments,  particularly  with  varying  ratios  of  rare  gas/Hg,  infrared  spec¬ 
troscopy  or  photoluminescence,  are  required  for  more  definitive  results. 
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6.0  PHOTOLUMINESCENCE  IN  CdTe  AND  LPE  GROWN  Hg0<3Cd0#7Te/CdTe 

Photoluminescence  (PL)  is  a  standard  technique  to  observe  defects  and 
impurities  in  semiconductors.  The  technique  is  very  sensitive  and  the  fact 
that  it  is  nondestructive  makes  it  very  attractive  for  material  screening.  We 
have  extensively  studied  PL  of  CdTe  substrates  because  the  quality  of  CdTe 
affects  the  growth  of  LPE  HgCdTe.  We  have  also  studied  PL  of  Hg0  3Cdg  7Te  and 
attempted  to  isolate  defects  in  HgCdTe  which  propagate  from  the  substrate 
during  the  LPE  growth. 

6.1  Bridgman  Grown  Bulk  CdTe 

The  photoluminescence  (PL)  spectra  of  a  wide  variety  of  CdTe  samples 
has  been  measured  at  77K.  It  is  found  that  the  PL  spectrun  varies  from  sample 
to  sample  and  may  serve  as  a  fingerprint  of  the  quality  of  CdTe. 

A  typical  spectrum  of  CdTe  at  77K  is  shown  in  Fig.  22.  It  consists 
of  two  distinct  lines.  A  narrow  line  peaked  at  1.58  eV  is  intrinsic  to  CdTe  and 
arises  from  recombination  of  excitons.  The  broad  line  is  peaked  at  1.42  eV  and 
is  believed  to  be  due  to  donor-acceptor  transitions31  and  is  therefore  an 
extrinsic  property  of  CdTe.  This  line  is  also  referred  to  as  the  defect  line. 
The  ratio  of  the  peak  intensities  of  the  exciton  (E)  and  defect  (D)  lines  is  a 
function  of  the  sample.  Simultaneous  studies  of  other  properties  of  these 
samples  show  that  the  samples  which  show  a  large  ratio  of  E  to  0  lines  are  of  a 
better  quality. 

The  transitions  giving  rise  to  the  two  lines  are  shown  in  the  pro¬ 
posed  energy  level  diagram  In  Fig.  23.  When  the  electrons  are  excited  to  the 
conduction  band,  they  relax  to  the  lower  energy  states,  either  the  exciton  or 
the  donor  states.  The  ratio  of  the  number  of  electrons  falling  into  these  two 
states  appears  to  depend  upon  the  concentration  of  donor  levels.  The  excitons 
recombine  to  give  the  exciton  luminescence  and  the  electrons  in  the  donor 
states  fall  Into  the  acceptor  state  to  give  the  broad  defect  line.  In  order 
to  check  that  the  defect  luminescence  Is  affected  by  the  donor  level 
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Fig.  22  Photoluminescence  spectrum  of  undoped  as-grown  CdTe  measured  at  77K. 


concentration,  a  sample  of  CdTe  was  deliberately  doped  with  In  to  increase  the 
number  of  shallow  donors.  It  was  found  in  the  PL  spectrum  that  the  defect 
line  luminescence  increases  by  orders  of  magnitude  relative  to  the  exclton 
line.  Also,  annealing  of  CdTe  In  Cd  atmosphere  at  600°C  for  3  days  Increases 
the  defect  line  luminescence  relative  to  the  exciton  luminescence.  This  Is 
consistent  with  the  enhanced  defect  luminescence  In  In-doped  CdTe,  since  Cd 
annealing  converts  CdTe  to  n-type  thereby  Increasing  the  number  of  donor 
states.  Figure  24  shows  the  PL  spectrum  at  4.2K  for  both,  unannealed  and 
annealed  CdTe  samples. 
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Fig.  23  Proposed  energy  level  diagram  of  CdTe. 
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For  unannealed  sample  there  Is  no  defect  line  present  whereas  the  PL 
spectrum  of  annealed  sample  is  dominated  by  defect  level  transitions.  The  de¬ 
tails  of  the  PL  spectrum  of  unannealed  sample  is  discussed  in  the  next  section. 

6.2  LPE  Hgn  ^Cdn  ?Te/CdTe 

Photoluminescence  was  first  applied  to  Hg^_xCdxTe  by  Elliot,  Melngailis, 
Harman  and  Foyt  who  observed  a  pair  of  lines;  they  interpreted  the  energy  dif¬ 
ference  between  these  two  lines  as  the  acceptor  ionization  energy.32  Virtu¬ 
ally  identical  results  and  interpretations  were  reported  by  Ivanov-Omskii  et 
al  .33,34  Recently,  Hunter  and  McGill  observed  a  third  line  in  bulk  (x  =  0.32 
and  x  =  0.48)  and  liquid-phase  epitaxially  (LPE)  grown  (x  =  0.5)  material, 
which  they  suggested  was  bound  exciton  recombination;35  most  important  they 
were  able  to  identify  the  various  lines  by  their  shifts  in  position  with  tem¬ 
perature  and  by  their  dependence  on  excitation  intensity.  We  observe  dif¬ 
ferent  photoluminescence  spectra  from  LPE-grown  H9o.3Cdo.7Te  and  su99est  a 
different  interpretation  of  our  spectra. 

These  HgCdTe  epilayers  were  grown  on  CdTe  substrates  in  a  vertical 
dipping  LPE  system  using  a  Te-rich  solution.  The  films  were  all  p-type,  with 
typical  hole  density  of  8  *  1015  cm"3  and  hole  mobility  of  175  cm2  V"1  s”1  at 
room  temperature.  All  the  samples  are  about  10  pm  thick  and  were  initially 
given  a  quick  etch  in  a  1%  Br/methanol  solution.  Then  the  samples  were 
mounted  in  a  cryogenic  dewar  and  either  immersed  in  liquid  helium  (2-4. 2K)  or 
liquid  nitrogen  (77K)  or  cooled  in  helium  gas  (5-75K).  The  samples  were 
photoexcited  by  a  cw  Ar-ion  laser  beam  (5145A),  all  of  which  was  either  re¬ 
flected  or  absorbed  by  the  HgCdTe  epl layer.  The  luminescence  was  collected 
from  the  sample,  focused  in  a  1/4-m  grating  monochromator  and  then  detected  by 
a  cooled  Ge  photodiode.  Some  of  the  samples  were  removed  from  the  dewar; 
their  HgCdTe  epilayers  were  etched  away  In  a  5%  B^/methanol  solution;  and 
then  photoluminescence  spectra  of  the  remaining  CdTe  substrates  were  measured. 

Figure  25  shows  the  photoluminescence  spectra  of  H9o,29cd0.71Te 
at4.2K  photoexcited  by  0.05  W  of  focused  cw  5145A  light.  The  spectrun  at  4.2K 
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Fig.  25  Photoluminescence  spectrum  of  Hg0  ogCdn  71^e  at  photoexcited 
by  0.05  W  of  focused  cw  5145 A  ligfit. 


consists  of  a  series  of  four  peaks,  Aj,  Ag,  A3  and  A4,  each  separated  by  20 
meV  -  the  10  phonon  energy.  The  Aj  line  Is  at  0.927  eV  and  its  full  width  at 
half  maximum  (FWHM)  Is  5.7  meV.  The  Aj  line  of  H9o.31Cd0.69^e  at  °*896  eV 
and  its  FWHM  Is  6.3  meV.  These  spectra  and  lineshapes  are  unchanged  when  the 
sample  temperature  Is  reduced  to  2K. 

The  different  positions  of  the  Aj  lines  are  due  to  different  alloy 
compositions,  since  the  band  gap  of  Hgj_xCdxTe  is  a  sensitive  function  of  x. 
These  differences  In  llnewldth  at  low  temperature  are  possibly  related  to  the 
homogeneity  of  the  epllayers,  since  changes  in  alloy  concentration  from  one 
luminescent  site  to  another  will  broaden  the  line. 
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Figure  26  shows  the  photoluminescence  spectra  of  the  CdTe  substrates 
at  4.2K  photoexcited  by  0.05W  of  focused  5145 A  light.  The  spectrum  at  4.2K 
consists  of  four  features,  two  narrow  lines  Bj  and  B2  and  two  broad  doublets 
Cj  and  C2.  Both  B2  and  C2  are  separated  from  Bj  and  Cj  by  20  meV.  All  the 
lines  in  both  HgCdTe  and  CdTe  spectra  that  are  shifted  down  in  energy  by 
multiples  of  20  meV  are  due  to  electron-hole  recombination  with  the  emission 
of  one  or  more  LO  phonons. 


SC84  27472 
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Fig.  26  Photoluminescence  sprectrum  of  CdTe  at  4.2K  photoexcited  by  0.05  W 
of  focused  cw  5145A  light. 
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The  C  line  at  1.538  eV  in  CdTe  has  been  previously  reported  by 
Halsted  and  interpreted  in  terms  of  a  donor-acceptor  model The  low  temper¬ 
ature  broadening  of  the  C  lines  is  then  due  to  differing  separation  distances 
between  donors  and  acceptors,  giving  rise  to  differing  binding  energies.  More 
recently,  the  C  lines  in  CdTe  have  been  associated  with  displacements  of  Te 
atoms. 31-39  Narrow  B  lines  at  1.593  and  1.575  eV  in  CdTe  have  been  previously 
observed  by  Hiesinger  et  al .  and  interpreted  as  recombination  from  an  exciton 
bound  to  a  neutral  donor. ^ 

The  tantalizing  question  is,  what  is  the  origin  of  the  A  lines  in 
HgCdTe?  Are  they  related  to  the  B  lines  or  C  lines  in  CdTe?  One  might  expect 
the  same  impurity  to  be  present  in  both  materials  since  both  crystals  are 
grown  from  the  same  elemental  CdTe  and  Te  metals.  Or  impurities  from  the  CdTe 
substrate  could  diffuse  into  the  HgCdTe  epilayer  during  growth.  From  electron 
microscopy  studies  of  the  HgCdTe-CdTe  interface  by  McGee  and  Woolhouse,  dislo¬ 
cation  lines  were  observed  to  propagate  from  the  CdTe  substrate  into  the  HgCdTe 
layer.41  One  might  expect  radiative  recombination  at  these  dislocation  lines  in 
both  materials. 

In  an  initial  effort  to  answer  this  question,  we  first  measure  the 
dependence  of  the  A,  B,  and  C  lines  on  laser  intensity  in  the  hope  of  distin¬ 
guishing  between  them.  Unfortunately,  over  two  orders  of  magnitude  in  laser 
intensity,  the  luminescence  intensities  of  all  three  lines  were  approximately 
proportional  to  the  laser  intensity  and  the  spectra  unchanged  and  unshifted. 

In  contrast,  the  lines  observed  by  Hunter  and  McGill  had  nonlinear  dependences 
on  laser  intensity  and  shifted  to  higher  energy  with  increasing  laser  intensity. 

Second,  we  measured  the  integration  luminescence  intensity  of  all  three 
lines  as  a  function  of  sample  temperature,  as  shown  in  Fig.  27.  All  this  data 
was  taken  with  0.05  W  of  unfocused  5145A  light,  in  order  to  minimize  heating 
effects.  At  higher  temperatures,  the  integrated  intensities  of  all  three  lines 
exhibited  an  exponential  behavior  with  the  following  activation  energies: 

AE^i  (x  =  0.69)  =  5.0  meV,  AE^j  (x  =  0.71)  =  5.2  meV,  AEg^  *  6*5  meV  and  aEqj 
*  2.1  meV.  In  order  to  come  to  any  conclusions,  the  binding  energy  of  the 
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electron-hole  pair  has  to  be  calculated.  This  is  an  extremely  difficult  cal¬ 
culation,  but  it  can  be  roughly  approximated  by  the  free  exciton  energy 


A£ 


n*e^ 

TTT? 

2e01i 


(15) 


where  1/p*  =  (l/me*)  +  (1/m^*)  is  the  effective  reduced  mass,  eg  is  the  static 
dielectric  constant.  The  relevant  quantity  is  the  ratio  of  A£  for 
Hg0.3Cd0.7Te  t0  fr°r  CdTe 


AIHgCdTe  _  ^*HgCdTe  e  CdTe  _  Q  53 
s£CdIe  '  “Cite  7“dTe' 


(16) 


which  has  been  calculated  from  the  known  values  of  p*  (Ref.  42)  and  e0.43  For 
comparison. 


0.78 


(17) 


Third,  we  measure  the  shift  in  the  peak  positions  of  these  lines  as  a 
function  of  temperature,  as  shown  in  Fig.  28.  The  shifts  to  lower  energy  of 
the  Aj  and  Bj  lines  are  in  agreement  with  the  decrease  in  the  bandgap  with 
increasing  temperature.44  The  opposite  movement  of  the  Cj  line  is  difficult 
to  explain. 

Clearly,  from  the  temperature  dependence  of  both  the  integrated 
intensity  and  the  peak  position,  the  A  lines  are  not  related  to  the  C  lines. 
The  impurity  or  defect  responsible  for  the  C  lines  is  not  present  in  the 
epilayer,  to  within  the  experimental  sensitivity  of  our  photoluminescence 
system.  It  is  very  possible  that  the  A  lines  and  B  lines  are  related;  they 
could  both  be  bound  exciton  recombination  from  the  same  neutral  donor. 
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The  most  convincing  way  to  establish  this  relationship  between  A  and 
B  lines  would  be  to  measure  the  photoluminescence  spectra  of  various  alloys 
between  CdTe  and  Hgg^Cdg jle  and  plot  the  activation  energy  as  a  function 
of  x.  These  samples  are  not  presently  available  to  us,  but  we  plan  to  grow 
them  in  the  near  future.  Another  approach  could  be  in  the  theoretical  area. 
Osbourn  and  Smith  have  calculated  the  binding  energy  of  an  exciton  bound  to  a 
neutral  acceptor. ^  Their  binding  energies  are  much  larger  (30-60  meV)  than 
those  experimentally  observed  by  us  and  strongly  dependent  on  the  potential 
chosen,  but  they  decrease  with  decreasing  x.  It  would  be  valuable  to  extend 
this  calculation  to  excitons  bound  to  neutral  donors. 
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7.0  FAR  INFRARED  ABSORPTION  SPECTRA  OF  CdTe  and  CdTerCu 


Infrared  absorption  measurements  at  helium  temperatures  have  been 
carried  out  on  undoped  CdTe  and  CdTe  doped  with  different  impurities.  The 
purpose  of  these  experiments  is  twofold:  first  to  determine  which  site  on  the 
CdTe  lattice  do  various  impurities  occupy  and  second  to  identify  the  energy 
levels  associated  with  various  impurities  and  use  these  identifications  to 
isolate  the  residual  impurities  in  nominally  undoped  samples. 

All  measurements  are  made  on  a  Nicolet  FTIR  spectrometer  with  a  reso¬ 
lution  of  less  than  0.1  meV.  The  samples  are  typically  800  pm  thick  and  are 
cooled  to  He  temperatures  using  a  Helitran. 

The  absorption  spectrum  of  CdTerCu  is  shown  in  Fig.  29(a).  The  re¬ 
gion  between  125  meV  and  200  meV  shows  sharp  features  and  is  shown  on  an 
expanded  scale  in  Fig.  29(b).  Three  features  of  the  absorption  spectra  are: 

1.  A  broad  band  below  the  bandgap. 

2.  Several  sets  of  sharp  transitions,  each  set  separated  by  21.2 
meV  which  corresponds  to  L0  phonon  energy  at  the  zone  center. 

The  different  sets  are  merely  phonon  replicas. 

3.  Each  set  consists  of  three  sharp  lines  each  separated  by  a 
constant  energy  of  nearly  3.6  meV. 
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Fig.  29  Absorption  spectra  of  CdTerCu  at  5K.  (a)  A  full  spectru 

(b)  the  region  between  1000  to  1540  cm"1. 
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Infrared  absorption  spectrum  of  Cu  doped  CdTe  has  been  studied  earlier 
by  Molva  et  al46  and  Furgolle  et  al ,4^  Molva  et  al  report  peaks  between  1000 
and  1500  cm"*,  though  not  as  sharp  as  in  our  spectrum,  and  interpret  these  lines 
as  transitions  between  excited  states  of  Cu  acceptors.  Furgolle  et  al  have 
observed  sharp  lines  as  we  do  but  on  nominally  undoped  CdTe.  They,  however, 
associate  the  strong  line  in  the  triplet  to  a  complex  involving  one  group  III 
donor  and  one  cadmium  vacancy.  The  other  two  lines  in  the  triplet  are 
interpreted  as  phonon  replicas  involving  softened  TA  phonons. 

In  view  of  the  strong  transitions  we  observe  in  Cu  doped  CdTe  which 
are  not  present  in  undoped  CdTe  or  CdTe  doped  with  other  impurities,  it  is 
conceivable  that  the  samples  used  by  Furgolle  et  al  had  a  large  residual  back¬ 
ground  of  Cu  acceptors.  Assuming,  therefore,  that  the  sharp  structure  is 
related  to  the  presence  of  Cu  in  CdTe  we  suggest  the  following  origin  of  these 
transitions.  The  Cu  acceptor  occupied  the  Cd  position  as  Cu++  with  a  3d9 
core.  The  3d9  atomic  manifold  splits  due  to  the  host  crystal  field.  The  de¬ 
generacy  of  these  split  levers  is  further  due  to  the  Jahn-Teller  effect.  We 
believe  the  strong  line  in  the  triplet  is  related  to  a  transition  between  d 
levels  of  Cu++.  The  sharpness  of  the  lines  supports  this  argument  as  opposed 
to  transition  between  excited  states  of  Cu  impurities  being  responsible  for 
the  absorption  line.  The  other  two  lines  in  the  triplet  appear  to  be  replicas 
of  the  strong  line  associated  with  the  emission  of  30  cm'1  energy  quanta.  The 
lowest  characteristic  phonon  energy  in  CdTe  is  35  cm"1  for  the  TA  phonon  at 
zone  boundary.4®  It  appears  that  the  energy  quanta  of  30  cm'1  in  Cu  doped 
CdTe  is  modified  TA  phonon  energy  lowered  due  to  weakened  force  constants 
around  the  impurity. 

The  electronic  shell  structure  for  Au  and  Ag  is  similar  to  that  of 
Cu.  We  are  therefore  preparing  samples  of  CdTe  doped  with  these  impurities 
for  infrared  absorption  measurements.  This  should  help  answer  whether  we  ob¬ 
serve  d  level  transitions  or  transitions  involving  excited  states  of  impurities. 

We  have  also  measured  absorption  spectra  in  the  low  frequency  region  of 
up  to  180  cm-1.  For  Sample  No.  1949,  a  high  purity  undoped  CdTe  sample,  the 
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absorption  spectrum  is  shown  In  Fig.  30.  The  lines  peaked  near  200  cm-*,  250 
cm"!,  295  cm"*  and  307  cm"*  are  observed  In  both  undoped  and  doped  samples  and 
appear  therefore  to  be  Intrinsic  to  CdTe.*^"®*  The  two  strong  lines  near  360 
cm"*  and  380  cm"*  are  observed  only  In  the  high  purity  undoped  CdTe  No.  1949. 
The  lines  are  also  observed  in  Cu  doped  CdTe  but  are  extremely  weak. 

The  intrinsic  lines  are  most  likely  multiphonon  lines,  a  final  as¬ 
signment  should,  however,  wait  until  we  extend  our  measurements  to  even  longer 
wavelengths  and  be  able  to  see  single  phonon  excitations.  The  extrinsic  prop¬ 
erty  of  CdTe  (e.g.,  defects)  responsible  for  the  lines  at  360  cm"*  and  380 
cm"*  is  not  known  yet. 


Fig.  30  Absorption  spectrum  of  undoped  as-grown  CdTe  in  the  region 
180  to  520  cm-1  showing  multi  phonon  structures. 


63 

C6259A/bw 


Rockwell  International 

Science  Center 


SC5305.6FR 


8.0  ADMITTANCE  STUDIES  OF  LPE  Hg0>7Cd03Te 

Admittance  measurements  have  been  made  on  p-type  LPE  Hg^_xCdxTe  epi- 
layers  with  x  *  0.3.  Admittance  spectra  for  these  samples  show  the  presence 
of  two  majority  carrier  (hole)  traps.  The  hole  trap  levels  in  one  sample  (3- 
524)  were  13  and  40  meV,  and  23  and  70  meV  for  the  other  sample  (4-31).  Hall 
measurements  were  used  to  verify  the  lowest  energy  level  of  the  acceptor. 
Dependence  of  the  acceptor  ionization  energy  on  hole  concentration  suggests 
that  the  shallow  level  is  associated  with  native  defects  controlled  by  Hg 
vacancies  rather  than  impurities.  In  this  section  we  describe  the  details  of 
these  measurements  in  the  context  of  other  published  data. 

Recently,  Scott  et  al.,5^  reported  electrical  and  far-infrared  opti¬ 
cal  properties  of  p-type  Hg^_xCdxTe  with  x  in  the  range  of  0.2  -  0.6;  the 
acceptor  ionization  energy  was  14  ±1  meV.  More  recently,  Pol  la,  Scott  and 
Jones53  reported  deep  imurity  levels  in  p-type  Hg^_xCdxTe  by  various  deep- 
level  spectroscopy  techniques.  Their  results  showed  that  two  deep  levels  were 
commonly  observed,  one  slightly  below  midgap,  1/2  Eg  (Dj)  and  one  at  3/4  Eg 
(D2).  The  near  midgap  center  Dj,  in  bulk  grown  p-type  Hg7_xCdxTe  has  a 
density  proportional  to  V”“  vacancy  concentration. 

Another  proposed  scheme  associated  with  cation  vacancy  in  HgCdTe 

developed  from  the  admittance  data  has  been  previously  reported  by  Kinch.54 

He  proposed  an  alternative  explanation  involving  two  levels;  15  and  60  meV. 

The  level  of  60  meV  was  designated  as  a  doubly  ionized  level  V“u_,  with  the 

-  Hg 

shallower  level  as  V^g  at  ~  15  meV.  The  trapping  level  measurements  which  are 
reported  here  provide  additional  evidence  that  LPE  HgCdTe  material  has  similar 
defects  observed  in  bulk  HgCdTe  reported  by  Kinch. 

This  Section  reports  on  the  admittance  measurements  on  two  Hgj_xCdxTe 
diodes  fabricated  on  p-type  LPE  HgCdTe  epi layers.  The  LPE  layers  on  which 
these  devices  were  grown  had  roughly  the  same  bandgap.  Sample  A  (4-31)  had  Eg 
=  268  meV  while  sample  B  (3-524)  had  Eg  *  252  meV.  The  material  was  as-grown 
p-type  in  both  cases  with  peak  hole  concentrations  approximately  1016  cm"3  as 
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determined  by  a  standard  Van  der  Pauw  technique.  The  77K  Hall  data  on  these 
epi layers  are  summarized  in  Table  4  with  the  results  of  our  experiment.  n+/p 
junctions  were  formed  by  boron  ion  Implantation.  The  test  diodes  showed  a 
cutoff  wavelength  of  4.6  um  at  77K  and  the  R0A  product  of  a  representative 
device  was  1  *  10^  -  10®  Q-cm3  at  77K. 


Table  4 

Electrical  Properties  Measured  at  77K  and  Hole  Trap  Levels 
Obtained  with  Admittance  and  Hall  Measurements 


Sampl e 

Electrical  Properties 
of  p-type  Hgj_xCdxTe 

Ei  (meV) 

E2  (meV) 

A  (4-31) 

Eg  0.268  eV 

23 

70 

Hole  cone  6  x  10*®  cm"3 

Hole  mobility  278  cm^/V-s 

B  (3-524) 

Eg 

Hole 

Hole 

cone 

mobility 

0.252  eV 

2  x  io16  cm"3 

231  cm^/V-s 

13  40 

13.2  (Hall  meas.) 

The  predominant  background  impurities  in  LPE  Hg^_xCdxTe  determined  by 
SSMS  were  Al,  Si,  Fe  and  Se  in  the  order  of  ~  1  ppm.  Light  metal  impurities 
(Li,  Na,  K  and  Ga)  were  determined  by  SIMS.  AES  analysis  of  as-grown  surfaces 
of  LPE  HgCdTe  show  an  appreciable  amount  of  contaminants  (S,  0,  C,  Cl)  only  up 
to  30A  deep  and  the  surface  contaminants  were  not  detectable  beyond  100A  deep 
In  LPE  HgCdTe. 

Atomic  absorption  (AA)  analysis  Indicated  Fe  element  typically  0.2  - 
1.5  ppm.  Temperature  dependent  Hall  measurements  show  the  presence  of  a  level 
at  15  t  5  meV  from  the  valence  band  in  similar  Cd  composition  x  of  LPE 
Hgi_xCdxTe  epi layers. 
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Figure  31  shows  the  characteristic  admittance  spectrum  obtained  from 
sample  B  as  a  function  of  temperature  operating  at  1  MHz.  The  admittance 
spectrum  for  this  sample  A  shows  the  presence  of  two  majority  carrier  (hole) 
traps.  The  energy  of  these  traps  is  determined  by  measuring  the  peak  position 
vs  temperature  for  different  driving  frequencies.  An  Arrhenius  plot  of  this 
data  yields  the  energy  as  the  slope  shown  in  Fig.  32.  Sample  A  shows  the 
similar  admittance  data  as  sample  B.  However,  temperature  dependence  of  the 
shallower  level  peaks  in  the  two  samples  yield  the  two  different  levels;  13 
meV  for  the  hole  trap  in  sample  3-524  and  an  energy  of  23  meV  for  the  trap  in 
sample  4-31.  The  difference  in  energy  is  outside  experimental  error  in  the 
measurement  which  is  typically  10%  and  thus  it  is  likely  that  the  traps  are 
associated  with  two  different  defects  or  may  be  related  to  background  defect 
concentration  which  will  be  discussed  in  detail  later. 

8C84  28045 


Fig.  31  Admittance  spectrum  on  an  n+-p  photodiode  fabricated  on  LPE 
H90.7Cd0.3Te* 
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KR29U1 


Fig.  32  Frequency  dependence  of  admittance  measurements  of  n+-p  diodes 
as  a  function  of  temperature. 


It  was  not  possible  to  obtain  data  for  an  Arrhenius  plot  from  the 
higher  energy  traps  because  the  width  of  the  peak  was  too  broad.  However,  an 
energy  can  be  obtained  if  one  assumes  that  the  traps  all  have  similar  capture 
cross  sections  for  majority  carriers.  In  this  case  we  estimate  an  energy  of 
40  meV  for  the  deeper  level  In  3-524  and  70  meV  for  the  deeper  level  In  4- 
31.  It  Is  Interesting  to  note  that  the  spectra  are  very  similar  in  both 
samples  and  that  the  ratio  between  energies  of  the  levels  Is  roughly  3  in  both 
cases. 
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The  similarities  between  the  admittance  spectra  suggest  that  there 
may  be  a  correlation  between  the  shallower  and  deeper  levels.  It  is  interest¬ 
ing  to  consider  the  possibility  that  the  level  is  associated  with  a  double 
acceptor.  In  such  a  case  the  low  energy  level  would  be  associated  with  the 
first  ionization  of  the  defect  and  the  deeper  level  with  the  second  ionization 
of  the  defect.  Possible  candidate  for  such  defects  are  substitutional  C-j-e  and 
SiTe  both  of  which  are  expected  to  be  double  acceptors55  and  which  often  occur 
as  impurities. 

Hall  measurements  were  made  on  sample  B  to  verify  the  ionization 
energies  of  the  acceptor  in  Hgg  ^Cdg^Te.  The  Hall  effect  was  measured  in  a 
standard  Van  der  Pauw  technique  by  using  a  magnetic  field  of  6  KG  for  the  tem¬ 
perature  dependence  measurements.  The  temperature  dependence  of  hole  concen¬ 
tration  for  sample  8  is  shown  in  Fig.  33.  The  acceptor  ionization  energy  ob¬ 
tained  for  sample  B  was  13  meV,  which  provide  confirming  evidence  of  the 
shallower  level  obtained  by  admittance  measurements  on  the  same  sample.  How¬ 
ever,  sample  B  shows  only  a  shallow  level  13  meV,  but  it  did  not  show  any 
deeper  level.  The  13  meV  acceptor  has  been  previously  observed  by  Scott, 
Stelzer  and  Hager. 5^  Furthermore,  they  also  reported  that  the  ionization 
energy  changes  depending  upon  a  hole  concentration.  In  order  to  investigate 
the  dependence  of  hole  concentration  on  the  ionization  energy,  a  Hg-annealing 
study  was  carried  out  on  a  similar  sample  from  a  different  LPE  run  as  a  func¬ 
tion  temperature  to  change  hole  concentrations  as  show  in  Fig.  34.  Our 
result  shows  that  the  shallow  energy  level  varies  from  10  meV  with  p  =  5.9  * 
1015  cm"^  to  20  meV  with  p  *  1.0  x  10^  cm"^. 

The  Increase  in  the  acceptor  Ionization  energy  with  hole  concentra¬ 
tions  (N^)  suggest  that  the  13  meV  acceptor  level  may  be  associated  with  Hg 
vacancy  or  that  the  main  contribution  to  the  acceptor  energy  changes  may  be 
correlated  with  a  vacancy  related  Impurity-vacancy  complex.  These  observa¬ 
tions  suggest  that  at  least  qualitatively  the  shallow  level  (e.g.,  13  meV  for 
sample  B)  is  mainly  due  to  an  intrinsic  defect  controlled  by  the  native  defect 
of  Hg  vacancy  rather  than  an  extrinsic  defect  controlled  by  Impurity  because 
its  energy  level  Increases  with  acceptor  carrier  concentration  as  shown  in 
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33  Hail  effect  measurement  obtained  on  Hg^^Cd^  ^Te  sample.  An 
activation  energy  obtained  from  low  temperature  data  is  13  meV 
for  sample  3-524. 
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Dependence  of  acceptor  ionization  energies  on  hole  concentration. 
The  data  were  obtained  from  Hall  effect  measurements  as  a  function 
of  temperature  on  four  samples  with  different  background  hole 
carrier  concentration. 
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Fig.  34.  Since  the  deeper  level  (e.g.,  40  meV  for  sample  B)  could  not  be  ex¬ 
amined  by  similar  Hall  effect  measurements,  it  is  not  possible  to  tell  whether 
these  deep  levels  observed  are  also  related  to  native  vacancy  defects.  For 
these  reasons  it  is  useful  to  compare  the  value  and  hole  concentrations  of 
4-31  to  those  measured  in  1427  sample.  Note  deeper  E^  value  may  be  related  to 
higher  hole  concentration  in  4-31  consistant  with  1427  measurements.  This 
observation  suggests  that  association  of  two  singly  ionized  vacancies  perhaps 
near  dislocation  may  give  higher  ionization  energies.  The  nature  of  the 
deeper  level  is  not  clear.  However,  it  seems  plausible  that  these  deeper 
levels  are  associated  with  second  ionization  energy  of  the  shallow  defect. 

Then  the  shallow  level  and  the  deeper  level  may  be  related  to  the  first  and 
second  ionization  energy  of  a  Hg  vacancy  in  HgCdTe. 

The  second  possibility,  that  the  level  is  associated  with  a  double 
acceptor,  is  related  to  the  group  IV  impurities.  For  example,  substitutional 
Cye  and  SiTe  are  expected  to  be  double  acceptors  and  these  impurities  often 
occur  as  common  impurities  in  HgCdTe.  However,  it  is  unlikely  in  layers  grown 
at  low  T  from  Te  solution.  Another  possibility,  reported  by  Hunter  and 
McGill35  on  luminescence  studies,  indicated  that  the  presence  of  a  shallow 
acceptor  level  at  Ev  ±  0.015  eV  seems  to  be  due  to  gold  (Au)  on  the  cation 
sites.  Thus,  we  cannot  rule  out  substitutional  AuHg  in  cation  sites.  More 
detailed  electronic  properties  for  Au-doped  HgCdTe  (x  *  0.48)  have  been 
obtained  by  Meilainen  and  Jones55  using  deep  level  transient  spectroscopy 
(DLTS).  Two  deep  levels  were  observed;  each  had  energy  levels  between  Ey  + 

1/4  Eg  and  Ev  +  1/2  Eg.  The  deep  level  at  the  near  midgap  level  was  also 
observed  in  undoped  HgCdTe  and  a  new  level  was  found  in  the  lower  half  of  the 
bandgap. 

In  summary,  we  have  made  admittance  measurements  on  p-type  LPE 
Hgg.7CdQ.3Te.  The  two  hole  trap  levels  in  one  sample  were  13  and  40  meV,  and 
23  and  70  meV  for  the  other  sample.  Hall  measurements  were  used  to  verify  the 
lowest  energy  level  of  the  acceptor.  We  also  noted  increases  in  the  lower 
energy  level  from  10  to  20  meV  with  hole  carrier  concentrations  from  6  x  10*5 
to  1  x  1037  cm"3. 
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9.0  CONCLUSIONS  AND  RECOMMENDATIONS 


9*1  Conclusions 

The  purpose  of  this  three  year  program  was  to  study  the  basic  physics 
of  defects  in  CdTe  and  HgCdTe  material.  In  order  to  improve  the  fundamental 
understanding  of  the  defect  properties  in  HgCdTe,  four  basic  areas  were 
focused  upon:  (1)  study  of  vacancy  formation  in  Hg^_xCdxTe;  (2)  electrical 
and  metallurgical  study  of  defects;  (3)  optical  study  of  defects  and  impur¬ 
ities;  and  (4)  study  of  the  electrical  properties  of  the  implanted  junction 
using  an  n+-p  photodiode  structure. 

The  major  conclusions  of  this  work  are  the  following: 

1.  The  cation  vacancy  formation  energy  (Ef)  of  Hg1_xCdxTe  is  found 
to  be  E  *  0.9  +  0.1  eV.  Within  experimental  error,  this  value 
is  also  found  to  be  independent  of  the  composition  x  of  the 
alloys  that  were  tried  (x  =  0.21,  0.3  and  0.43).  The  vacancies 
are  predominantly  charged  at  77K  and  are  predominantly  in  a 
doubly  ionized  state  at  both  the  annealing  temperature  and  77K. 

2.  We  have  examined  the  electrical  transport  properties  of  both  as- 
grown  p-type  and  Hg-annealed  n-type  LPE  Hgj_xCdxTe  epi layers. 

Our  measurements  show  that  the  transport  properties  of  LPE 
Hgi_xCdxTe  are  comparable  to  the  best  bulk  Hg^_xCdxTe. 

3.  The  nature  of  Te  precipitates  in  CdTe  has  been  identified  by 
Auger,  x-ray  diffraction  and  micro-Raman  spectroscopy.  The  x- 
ray  result  shows  that  the  precipitated  Te  in  Bridgman  grown  CdTe 
crystals  has  the  same  structural  phase  as  observed  in  elemental 
Te  under  high  pressure. 
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4.  The  noble  gases  were  incorporated  into  the  cation  vacancy  in 
Hg^-xCdxTe  and  the  defect-impurity  equilibrium  studied. 
Characteristic  features  observed  are  reduced  hole  carrier 
concentrtion  and  higher  mobilities. 

5.  From  the  temperature  dependence  of  both  the  integrated  photo¬ 
luminescence  (PL)  intensity  and  the  peak  position  of  LPE 
Hgi_xCdxTe  and  CdTe  substrates,  it  is  established  that  the  two 
PL  lines  are  related  and  could  both  be  bound  exciton  recombina¬ 
tion  from  the  same  neutral  donor. 

6.  Far  infrared  absorption  spectral  of  Cu-doped  CdTe  exhibit  an 
unique  feature  of  the  Cu  impurity  modes:  (1)  several  sets  of 
sharp  transitions,  each  set  separated  by  171  cm-1  (LO  phonon 
energy);  (2)  each  set  consists  of  three  sharp  lines  each 
separated  by  30  cm”1,  which  we  believe  corresponds  to  TA  phonon 
energies  occurring  at  the  x-point. 

7.  Admittance  spectra  for  p-type  MWIR  Hg1_xCdxTe  (x  =  0.3)  show  the 
presence  of  two  majority  carrier  (hole)  traps.  The  hole  trap 
levels  in  one  sample  were  13  and  40  meV,  and  23  and  70  meV  for  a 
second  sample.  Hall  measurements  were  used  to  verify  the  lowest 
energy  level  of  the  acceptor.  Dependence  of  the  acceptor  ioniza¬ 
tion  energy  on  hole  concentration  suggests  that  the  shallow  level 
is  associated  with  native  defects  controlled  by  Hg  vacancies 
rather  than  impuritites. 

9.2  Recommendations 

It  became  clear  during  this  defect  study  that  accurate  values  of  the 
zone  center  optical  phonon  frequencies  of  CdTe  were  not  available  in  the 
literature.  Continued  study  of  both  bulk  and  defect  properties  of  CdTe  and 
HgCdTe  is  important  to  shed  light  on  the  improvement  of  our  further  under- 
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standing  in  material  and  device  physics.  We  believe  that  the  ground  work  has 
been  established  for  careful  and  systematic  studies. 

1.  Low  temperature  infrared  absorption  studies  on  Xe  (or  other 
noble  gas)  doped  HgCdTe  could  help  to  clarify  the  identity  of 
the  intrinsic  defects. 

2.  Continued  study  of  photoluminescence  combined  with  far  infrared 
absorption  measurements  on  intentionally  doped  CdTe  may  provide 
insight  into  defect  formation  and  identifications  to  isolate  the 
residual  impurities  in  nominally  undoped  CdTe  and  HgCdTe 
samples. 

3.  The  most  convincing  way  to  establish  the  relationship  between  A 
and  B  lines  (see  Section  5.0)  would  be  to  measure  the  photo¬ 
luminescence  spectra  of  various  alloys  between  CdTe  and  Hg1-xCdxTe 
and  plot  the  activation  energy  as  a  function  of  x. 
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Electrical  properties  of  as-grown  Hg,  _  xCd^Te  epitaxial  layers 
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The  Hall  coefficient  and  resistivity  of  Hg,  _  ^Cd^Te  epitaxial  layers  with  0.195  <x  <0.351,  have 
been  measured  between  4  and  300  K.  At  77  K  the  results  for  x  =  0.30  show  that  as-grown 
epitaxial  layers  are  p  type,  with  a  carrier  concentration  and  mobility  on  the  order  of  1 .2  X 1 0 16 
cm  3  and  400  cmVV  s,  respectively.  The  acceptor  ionization  energy  determined  by  the  Hail 
measureioents  is  found  to  change  with  the  energy  gap  of  Hg,  _  x  Cdx  Te.  The  electrical  parameters 
and  compositional  uniformity  (Ax  =  ±  0.001)  of  the  epilayer  for  x  =  0.30  indicate  that  the 
material  is  comparable  to  the  best  reported  bulk  Hg,  _  xCdxTe  single  crystal. 

PACS  numbers:  72.40.  +  w,  85.60.Gz,  85.30.De,  68.55.  +  b 


I.  INTRODUCTION 

Recent  interest  in  photovoltaic  infrared  detector  in  the 
3-5-fim  and  8-12-/rm  region  has  prompted  a  search  for  new 
techniques  to  grow  large  area  and  uniform  Hg,  _  A  Cdx  Te 
material.  The  availability  of  such  material  would  allow  new 
concepts  for  devices  with  higher  quantum  efficiency  and  op¬ 
erating  temperature  than  the  present  extrinsic  Si  devices, 
and  greater  suitability  for  hybrid  or  monolithic  focal  planes 
than  PbSnTe  devices. 

Recently,  Hg,  _  xCdxTe  epitaxial  layers  on  CdTe  sub¬ 
strates  have  been  grown  by  liquid  phase  epitaxy  by  several 
groups.  1-4  Details  of  our  work  in  growing  uniform 
Hg,  _  xCdxTe epitaxial  layers  on  CdTe  (111)  substrates  are 
reported  in  Ref.  4.  Furthermore,  the  excellent  photodiode 
performance  of  devices3  fabricated  on  epitaxial  material 
have  demonstrated  that  as-grown  epitaxial  layers  are  com¬ 
parable  to  the  best  reported  bulk  Hg,  _  ,  Cdx  Te  single 
crystals. 

Electrical  transport  measurements  on  bulk  p-type 
Hg,  _  xCdxTe  have  been  reported.6  Recently,  Scott  et  al? 
reported  electrical  and  far-infrared  optical  properties  of  p- 
type  Hg,  _  xCdxTe  with  x  in  the  range  0.26-0.6;  the  highest 
Hall  mobility  was  about  400  cm2/V  s  at  50  K  and  carrier 


FIG.  1.  Schematic  diagram  of  compositional  variation  of  Hg,  _  ,Cd,Te 
(x  -  0.307)  epilayer. 


concentrations  were  from  4x  10l!i  to  1 X  10l?  cm  3.  More 
recently,  Bratt  era/.8  reported  electrical  measurements  on p- 
and  n-type  HgCdTe  material  grown  by  the  solid-state  re- 
crystallization  method;  they  obtained  S A  —  XD  values  fron, 
6.5x  10u  to  3.1  X 1015  and  hole  mobilities  of  about  600 
cm2/V  s  at  35  K  for  a  composition  of  x  =  0.28. 

This  paper  reports  on  the  electrical  properties  of p-tvpt 
Hg,  .  x  Cd„  Te  epilayers,  with  emphasis  on  crystals  of  higher 
uniformity  than  have  previously  been  achieved.  State-of-the- 
art  uniform  layers  of  Hg,  _  ,CdxTe  were  grown  by  liquid 
phase  epitaxy  on  semi-insulating  (1 1  l)A  CdTe  substrates. 
Variation  in  composition  for  x  =  0.307  material  was 
±  0.001  over  an  area  of  2.0  X  1.5  cm.  The  as-grown  layers 


T  (K) 


FIG.  2.  Hall  coefficients  as  function  of  reciprocal  temperature.  The  num¬ 
bers  in  parentheses  indicate  the  alloy  composition. 
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FIG.  3.  Hall  mobilities  as  function  of  temperature.  The  numbers  in  paren¬ 
theses  indicate  the  alloy  composition. 


exhibit  hole  carrier  concentration  and  mobility  on  the  order 
of  1.2  X  10'6  cm’’  and  about  400  cm2/V  s,  respectively.  The 
dependence  of  carrier  concentration.  Hall  mobility,  and  ac¬ 
ceptor  ionization  energy  on  Cd  composition  x  is  presented. 
To  the  best  of  our  knowledge,  no  prior  work  has  been  report¬ 
ed  on  transport  characterization  of  Hg,  _  ,Cd,Te  epilayers 
grown  on  CdTe  substrates. 

II.  EXPERIMENTAL  RESULTS 

A  vertical  furnace  containing  high-pressure  Ar  gas  and 
a  quartz  tube  was  used  for  the  growth  of  Hg,  _  „  Cd  ,  Te  epi¬ 
layers  on  semi-insulating  (1 1  l)A  CdTe  substrates.  A  Te-rich 
solution  of  HgCdTe  was  employed  for  the  LPE  growth.  The 
source  materials,  Hg,  CdTe,  and  excess  Te  metal,  were  load¬ 
ed  into  the  quartz  tube  in  the  furnace.  After  the  source  mate¬ 
rials  were  reacted  650-700  *C  for  60  min,  the  melt  was 
cooled  to  the  saturation  temperature,  approximately  500- 
550  *C.  The  growth  time  was  adjusted  to  produce  layers  w ith 
thickness  in  the  range  10-15 /im  for  all  compositions.  The 
quantities  of  Hg  and  CdTe  in  the  melt  were  experimentally 
adjusted  to  achieve  the  required  composition.  Details  of  sub¬ 
strate  preparation  and  growth  process  have  been  described 
in  an  earlier  publication.4 

Infrared  transmission  measurements  at  room  tempera¬ 
ture  and  cutoff  wavelengths  of  photodiode  spectral  response 
at  77  K  were  used  in  determining  the  composition  of  grown 
layers.  The  compositional  uniformity  was  established  from 
the  spectral  response  of  measurements  on  arrays  of  detectors 
fabricated  on  different  sections  of  the  layer. 

Figure  1  shows  the  compositional  uniformity  of  an  epi- 
layer  which  was  processd  for  fabricating  detector  arrays; 
variations  in  the  composition  and  average  value  of  the  cutoff 
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wavelength  from  each  mosaic  device  are  shown.  In  this  lay¬ 
er,  the  total  compositional  variation  in  x  was  ±  1 X 10' 3  over 
an  area  2  X  1.5  cm  and  was  better  than  ±  3.0X  10"*  over  a 
1  x0.3-cm  area.  This  uniformity  is  significant  for  mosaic 
performance  where  the  levels  of  both  thermal  and  back¬ 
ground  noise  are  strongly  band-gap  dependent. 

Hall  coefficients  R„  and  resistivity  in  the  temperature 
range  from  4.5-300  K  were  measured  by  using  the  Van  der 
Pauw  technique  with  a  magnetic  field  up  to  6.3  kG.  Since  the 
substrates  were  semi-insulating,  the  Van  der  Pauw  measure¬ 
ments  provided  unambiguous  results  of  electrical  param¬ 
eters.  The  temperature  dependence  of  the  Hall  coefficien  t  for 
four  representative  Hg,  _xCd,Te  samples  is  shown  in  Fig.  2. 
Samples  used  in  the  investigation  had  values  of  —  A’,, ) 
=  2.8  X  1016-1.2X  1011  cm'3,  which  were  obtained  from 
{gRHy\ at  the  exhaustion  region  of  the  RH  vs  1/T  curves, 
and  Hall  mobilities  of  200-500  cm2/V  s  at  77  K.  In  all  cases, 
the  Hall  coefficient  was  negative  at  room  temperature,  be¬ 
cause  carrier  transport  is  dominated  by  the  intrinsic  conduc¬ 
tion.  As  temperature  decreased,  the  mixed  conduction  oc¬ 
curring  at  around  100-200  K  was  common  to  all  the 
samples.  In  the  low-temperature  region  the  slope  of  the 
curves  of  RH  vs  1/7"  increased  with  increasing  energy  gap 
These  results  are  similar  to  the  earlier  work  on  bulk  crystal  > 
of  Scott  et  alP  and  Bratt  el  al.*  It  is  noted  that  inversion 
temperatures  were  distinctly  shifted  to  higher  temperature  - 
with  increasing  x.  Carrier  concentrations  of  these  samples  a; 
77  K  were  low,  — 1016  cm'3.  In  all  cases,  carrier  freeze-out" 
was  observed  and  the  Hall  coefficient  showed  a  reversal  of 
sign  at  approximately  100-230  K,  depending  on  Cd 
compositions. 
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FIG.  4.  Resistivity  as  function  of  temperature.  The  parentheses  indicate  the 
alloy  composition. 

Shin  et  at.  3773 


Eg  (eV) 

FIG.  5  Acceptor  ionization  energy  £t  vs  energy  gap  £ „  for  Hg,  ,  Cd.  Te. 
The  previous  results  are  (a)  Ref  7,  (b)  Ref  9,  (c)  Ref  10. 


Temperature  dependence  of  the  Hall  mobility  for  the 
above  samples  is  shown  in  Fig.  3.  The  Hall  mobility  of  epi- 
layers  exhibited  a  region  of  intrinsic  behavior  in  that  it  de¬ 
creased  rapidly  with  increasing  temperatures.  The  mobility 
at  lower  temperatures  also  decreased  with  the  temperature 
This  decrease  is  attributed  to  increasing  impurity  scattering. 

The  highest  Hall  mobility  was  about  550  cm2/V  s  at 
about  40  K  in  samples  for  x  —  0.218  —0.351.  In  the  other 
sample  forr  =  0. 195,  the  mobility  was  about  210  cnr/V  s  at 
70  K. 

Resistivity  as  a  function  of  reciprocal  temperature  is 
shown  in  Fig.  4.  It  is  clear  that  at  lower  temperatures,  resis¬ 
tivity  increased  by  two  orders  of  magnitude  compared  to  the 
room-temperature  value  in  this  discussed  range  of  composi¬ 
tion  of  0.195  <x  <0.351. 

The  acceptor  ionization  energy  EA  shown  in  Fig.  5  was 
determined  from  the  low-temperature  Hall  coefficient  data 
The  values  obtained  were  6.4-16.3  meV  forHg,  _xCd„Tein 
the  rang"  of  0.195  <x  <0.351.  However,  the  EA  value  for 
sample  !  was  not  included  in  Fig.  5  because  R  vs  1/7"  data 
indicates  an  early  onset  of  impurity  band  conduction  and  the 
straight-line  portion  is  almost  nonexistent.  The  results  for 
the  acceptor  ionization  energy  are  consistent  with  previous 
measurements7  9 10  in  the  composition  range  0.2  <x  <  0.3. 
Furthermore,  the  dependence  of  acceptor  ionization  energy 
on  hole  carrier  concentration  was  found  to  be  in  excellent 
agreement  with  the  data  of  Scott  et  alP  However,  experimen¬ 
tal  values  for  the  dependence  of  the  acceptor  ionization  ener¬ 
gy  (Ea  )  on  the  band  gap  ( Et )  are  not  available  in  the  semi¬ 
conductor  region  0<£g<  1.6  eV  of  the  Hg,  _  „Cd„Te  alloy 
system. 

III.  DISCUSSION 

For  the  analysis,  we  assume  that  as-grown  p-type 
HgCdTe  is  partly  compensated  by  donors,  since  the  tem¬ 
perature  dependence  of  the  Hall  mobilities  in  the  interesting 


range  of  temperature  is  characteristic  for  compensated  sam¬ 
ples.  For  a  partly  compensated  semiconductor,  the  tempera¬ 
ture  dependence  of  holes  is  described  by1 1 

p<zcxp(EA/kT), 

where  EA  is  the  acceptor  ionization  energy,  k  is  Boltzman's 
constant,  and  T  is  the  temperature.  In  Fig.  5,  the  ionization 
energies  deduced  from  the  temperature  dependence  of  the 
Hall  coefficients  are  given  as  function  of  the  band  gap  Eg . 
Results  of  this  analysis  are  summarized  in  Table  I.  It  must  be 
emphasized  that  the  acceptor  ionization  energy  estimated  is 
strongly  affected  by  the  temperature  dependence  of  Et  for 
the  narrow  gap  semiconductor.  Our  results  for  acceptor  ion¬ 
ization  energy  EA  in  Fig.  5  are  comparable  to  those  of  pre¬ 
vious  optical  and  transport  measurements.7  9 10 

The  results  of  Fig.  4  show  that  the  temperature  depen¬ 
dence  of  the  resistivity  increased  as  x  increased.  This  can  be 
explained,  at  least  somewhat  quantitatively,  by  analyzing 
the  position  of  the  acceptor  level  when  the  composition  x 
changes. 

It  is  shown  by  Kharus  and  Shelushinia'2  that  the  depen¬ 
dence  of  Ea  on  Eg  in  the  Hubbard  model  is  governed  by  the 
density  of  states  due  to  the  shift  of  undeformed  parabolic 
bands.  Their  calculations  show  that  the  acceptor  ionization 
energy  EA  rises  by  a  factor  of  about  2  in  the  range  of 
0< Eg  <250  meV.  In  Fig.  5,  our  measured  EA  is  plotted  as  a 
function  of  the  band  gap.  It  is  observed  that  the  acceptor 
ionization  energy  EA  rises  substantially  with  increasing  Ev . 
We  found  that  the  increase  in  E„  is  in  a  manner  similar  to  the 
Hubbard  model  in  Ref.  12. 

However,  the  dependence  of  EA  on  the  band  gap  Ef  is 
still  open  to  question,  because  we  do  not  as  yet  have  a  de¬ 
tailed  model  about  the  impurity  states  in  Hg,  _  tCd,Te 

IV.  CONCLUSIONS 

In  summary,  HgCdTe  epilayers  grown  on  CdTe  sub¬ 
strates  by  liquid  phase  epitaxy  show  practically  bulk-like 
carrier  concentrations  as  well  as  mobilities.  The  experimen¬ 
tal  results  on  Hg,  _  ,Cd,Te  epilayers  are  shown  to  be  in 
good  agreement  with  those  measured  on  bulk  materials.  As- 
grown  epitaxial  Hg,  _  „  Cd,  Te  layers  exhibit />- type  conduc¬ 
tivity  with  carrier  concentrations  1.2  X 1016  cm  3  and  a  Hall 
mobility  of  about  400  cm2 /V  s  at  77  K.  The  electrical  param¬ 
eters  and  compositional  uniformity  of  the  epilayer  over  a 
2  X 1 .5-cm2  area  indicate  that  the  material  is  comparable  to 
the  best  reported  bulk  HgCdTe. 


TABLE  I.  Electrical  properties  of  as-frown  H$,  .  Cd,  Te. 


-  nd 

B, 

Sample 

X 

(cm') 

(eV) 

1 

0.195 

I.2XI0’7 

0.0064 

2 

0.218 

5.6x  I01'1 

0.0095 

3 

0.258 

4.5  x  10’" 

0.0132 

4 

0.351 

2.8x  10'" 

0.0163 
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